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Chapter 1

General Introduction

1.1 Metal-ion Solvation

1.1.1 Ion in Solution

Solvents are used as a reaction field for chemical
reactions. In chemical reactions of metal ions, such as
metal-ion complexation with ligands and charge-transfer
reaction on electrode and so on, “ion solvation” plays a
crucial role to directly affect their reactivities. lons are
surrounded several solvent molecules to form a
collective ion solvation species in solutions. As solvent
parameters that controls the ion-solvent interaction (i.e.,
solvation), dielectric constant, dipole moment, electron-
pair donating and accepting abilities etc. are well known
and widely used as an indicator to measure qualitatively
the ion-solvent interactions. Particularly, the electron-
pair donating and accepting abilities of solvents are
useful to estimate the strength of ion-solvent interactions
at local scale. Classically, the model for metal ion
solvation in aqueous solutions are established as shown
in Figure 1.1." In Region A, both cations and anions
form the first solvation sphere, which contains several
solvent molecules via direct ion-solvent interactions.
Beyond and adjacent to region A, secondary solvation
sphere is formed in region B, which contributes to the
ion stabilization through (1) weak indirect electrostatic
interactions between the solvent dipole and the ions and
(2) weak hydrogen bonds between water molecules
between regions A and B. This results in more stable
metal ions in enthalpy term; however, the freedom of
motion of solvent molecules are largely restricted to be
lower entropy state of solvated ions. At a sufficient
distance from the ion, solvent molecules in region D
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Figure 1.1 Model for metal ion solvation in aqueous solution. The
middle black circle: metal ion, A: first solvation sphere, B: second

solvation sphere, C: disordered region, and D: bulk.
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Figure 1.2 Chemical structures of typical (a) organic solvents and

(b) ionic liquids (ILs).

(bulk) are not aftected to the ion stabilization. Region C
found in between regions B and D is a disordered field.
The solvent molecules in this region are a high entropy
state relative to the bulk (D). Here, in typical aprotic
solvents (Figure 1.2a), such as acetonitrile (AN), N,N-
dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO), the ion solvation can be simplified to be two
regions, A (first solvation sphere) and D (bulk). This is
because aprotic solvents, unlike water and alcohols, have
no intramolecular hydrogen bond accepting sites within
a molecule to hardly form a second solvation sphere.
Therefore, the reactivity of metal ions in aprotic solvents
mainly depends on the first solvation sphere. Therefore,
structural study on the first solvation sphere of metal
ions is necessary for understanding the metal-ion
reactions, such as metal-ion complexation and electrode
reaction in aprotic solvent-based electrolyte solutions.

1.1.2 Thermodynamic aspect

To understand metal-ion solvation on thermodynamic
aspect, Born-Harber's cycle process plays a fundamental
role to provide an insight based on the thermodynamic
quantities (i.e., Gibbs free energy, enthalpy, and
entropy).2 Based on this, ion solvation, in other words,
dissociation of salts in solution, is divided into the three
processes; (I) sublimation, (I) dissociation, and (III)



solvation, as illustrated in Figure 1.3. In process (I), the
enthalpy (AH sw) and entropy (ASsw) is positive and

their extents depends on the lattice energy in crystal state.

The corresponding values in process (II), i.e., an ion-pair
dissociates into sole cation and anion, are also positive.
When the resulting each ion is added to solution, the
cation and anion are solvated with solvent molecules to
stabilize the ions in free energy. In the case of overall
AG < 0 (i.e., sum of processes (I + II) and (III) is
negative), the salt dissolutes completely in solution.
Therefore, the magnitude of solvation Gibbs energies of
the cation and anion determine the salt solubility, which
is deeply related to the reactivity of metal ions in metal-
ion complexation and electrode redox reaction.
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Figure 1.3 The Born-Harber's cycle for dissolution of salt
(crystal).

1.1.3 Role of Solvent molecules

In organic electrolyte system, some important factors,
e.g., (1) the solvation number (n) of metal ions,** (2) the
electron-pair donating ability of solvent molecule (i.e.,
Gutmann’s donor number, Dy),>3* and (3) the size of
the solvent molecules (i.e.. bulkiness),!® # have been
recognized to control the metal-ion solvation. Firstly, the
solvation number generally depends on the ionic radius
and charge of metal ion species, M"". Many techniques
have been brought to bear on the problem of establishing
average solvation number for ions in solution, with
varying degrees of usefulness and success. For example,
using (1) spectroscopy (NMR, ultraviolet-visible (UV),
Raman or infrared (IR)), (2) Transport properties
(transport numbers, ionic conductivities, mobilities, and
viscosities), (3) X-ray/neutron scattering, the average
solvation number has been established to be ~4 for small
monovalent ions (Li*, Be®, Ag"), ~6 for typical
monovalent and divalent ions (alkali metal, alkaline
earth metal, and first transition metal ions), and ~8 for
trivalent lanthanide ions.! Secondly, the electron pair-
donating ability of a solvent molecule, which is solvation
power of solvent molecule to metal ion, is quantified by

Guttman’s donor number, Dn.!! The Dy values of typical
aprotic dipole solvents, such as DMF and DMSO (26.6
and 29.8, respectively) are quite larger than that of water
(18.0), whereas AN and ethylene carbonate (EC) have
smaller Dy values (14.1 and 16.4, respectively)
compared to water. On the basis of the Dy values, we can
easily expect solvation selectivity in binary or more
solvent mixture systems; e.g., if DMF and AN coexist in
an electrolyte solution including a certain metal ion, the
DMF molecules preferentially solvate to a metal ion
relative to AN molecules. The Dy value is also as an
indicative parameter to predict salt-dissociation ability
in electrolyte solutions; in this case, the electron-pair
accepting ability (4x) also plays a key role in terms of
“anion-solvation”. Finally, the solvent bulkiness triggers
solvation steric effect (or steric repulsion) among the
solvent molecules coordinated with metal ions, leading
to reducing solvation number and weakened ion-solvent
interactions. Ishiguro et al., who firstly pointed out
“solvation steric effect” in electrolyte solution using
bulky solvent, demonstrated that an octahedrally six-
coordinated transition metal ion reduces in solvation
bulky solvent N, N-

4 12-13

number in  aprotic

dimethylpropionamide to be approximately
1.2 Li-ion Batteries

Electrochemical energy storage devices, such as
rechargeable secondary batteries and supercapacitors
have been required to achieve a high energy density and
power density for a main power source in large-scale
applications. Among them, lithium-ion batteries (LIBs)
are one of most important devices and have been widely
used because of various positive feature, the high
energy density, and
electrochemical/thermodynamic stabilities. LIBs mainly

operation  voltage, high
consist of two ditferent electrodes (i.e., positive and
negative electrodes), electrolytes, and also separator and
so on. In general, graphite and layered transition metal
oxide including Li (i.e., LiCoO», LiFePOs, LiMn,04 etc.)
are used as the anode and cathode -electrodes,
respectively. The separator, which is typical from
microporous polymer films made with polypropylene
and polyethylene, filled with electrolyte solution acts as
preventing directly contact between anode and cathode
electrodes. The electrolyte dissolving a Li salt in
solvents is filled in the LIB cells and plays an important
role, i.e., moving Li-ions between anode and cathode on
storing the electrochemical energy. The LIBs store
electrochemical energy via the chemical reaction as

following:
Anode: C + xLi* 2 Li,C (2),
Cathode: LiMO, 2 Li;, . MO, + xLi" (3),



Overall reactions: C + LiMO; 2 Li,C + Li1.MO, (4),
*M: metals of Co, Mn

where (2), (3), and (4) represented the chemical reaction
formulas at anode, cathode, and overall reaction formula,
respectively. When LIB is charged, Li ions move from
cathode to anode and are intercalated into anode
electrode in right direction above the formulas. As for
discharging LIB, the opposite reaction is occurred in left
direction. It is called as Li-ion insertion/desertion
reaction, on each electrode during charge/discharge
process, which is illustrated in Figure 1.4.

solvent

Anode: Graphite  Electrolyte  Cathode: LiX (X = CoO,, Mn,0,)
Figure 1.4 The components and principle of common Li-ion

batteries.

It has been established that the LIB reaction mechanism
includes several stages, as shown in Figure 1.5. Firstly,
(1) when the Li salt is dissolved in solvent to dissociate
to cation and anion, a Li-ion solvation cluster with four-
solvent molecules, [Li(solvent)s]*, is
formed in electrolyte solution. (2) The formed Li-ion
cluster and counter-anion diffuse in the bulk electrolyte.

coordinated

In general, the ion diffusion can be characterized based
on the Stokes-Einstein equation (eq. 5)'° as follows,

D =kTICsenr ),

where D is the diffusion coefficient, £ is the Boltzmann

3. Desolvation

e

o2

[\

graphite electrode/electrolyte interface

constant, 7" is the absolute temperature, and 7 is the
viscosity. The constant term Csg is specified as 6.7 when
the viscous medium clings to the diffusing particles and
as 47 when the diffusing particles slide and move
independently of the medium. It is well known that in
electrolyte solution system, the Csg is often intermediate
value between 677 and 47.'7 The r is the hydrodynamic
radius, corresponding to the size of an ion solvation
cluster in solution. The diffusion coefficients of positive
and negative ions, D; and D_, respectively, is related to
the theoretical molar conductivity (/Ang) via the Nernst-
Einstein equation (eq. 6).

Axg=FYRT(D:+ D2y (6),

where F is Faraday's constant and R is the gas constant.
The self-diffusion coefficient is obtained by various
methods as an averaged value of the isolated and
aggregated ion species, but the measured molar
conductivity /v is usually smaller than Axe because
only dissociated ion species that can sense the electric
field between electrodes are counted for the ionic
conductivity. High ionic conductivity by ionic diffusion
is essential to cause fast charge-discharge reactions in
the LIBs. Finally, (3) Li-ions intercalate into the layered
electrode material by desolvation of Li-ion cluster
during the near the
electrode/electrolyte interface. Abe et al. pointed out that

charge transfer process
the desolvation process is a key to control the electrode
reaction kinetics.'3?° (Details are provided in section

14).
1.3 Electrolyte Solutions

1.3.1 Organic Electrolytes

Organic electrolytes (Figure 1.2a) occupy an important
position for the development of promising energy
storage device applications, such as LIBs, allowing

Li salts (LiX)
-
Li*

X-

electrolyte

1. Solvation
Dissociation [ ;solvent),]*

Diffusion

x Q7
™ X 7N

Figure 1.5 Illustration of the LIB electrode reaction process from the bulk electrolyte to the electrode/electrolyte interface.



higher operation voltage and higher ionic conduction
compared with aqueous eclectrolyte solution. In
conventional LIBs, it is well known that carbonate-based
electrolytes including EC and linear carbonates
(dimethy! carbonate (DMC) or/and diethyl carbonate
(DEC)) need to use for working stable and reversible
LIBs. It should be noted that the carbonate components,
especially EC, can occur reductive decomposition
during the initial charging process (on the Li-ion
insertion) and forms stable passivation films, so called
solid electrolyte interphase (SEI), on the graphite anode.
This leads to suppress further decomposed products
during subsequent charge/discharge cycles.?">* The
forming  SEI reversible  Li-ion
insertion/deinsertion into/from the graphite anode. For

allows a

the design of LIB electrolytes, commercialized system,
i.e., 1.0 mol dm™ LiPF¢/EC+DMC (1:1 by volume) has
been optimized, which exhibits the highest ionic
conductivity (~ 12 mS em™)* among the other
electrolyte with organic solvents and forms a stable SEI
formations, resulting in a high stability and long cycle
life for rechargeable LIBs. However, current carbonate-
based electrolyte systems are highly flammable and
volatile owing to the use of organic solvents, which may
cause catastrophic fires or explosions, preventing further
enlargement and higher capacity of LIBs. Therefore, it is
essential to establish safe electrolyte materials, like the
nonflammable electrolytes, which include combustion
inhibitors and self-extinguishing solvent, and solid-state
conversion of liquid electrolytes.

1.3.2 Nonflammable Electrolytes

The important factor for the practical LIB application
is “safety”. One promising approach to establish safe
battery system is the application of ionic liquids (ILs),
which is due to its inherent negligible volatility and
nonflammability.2¢-2° 3% [Ls consist of only ions (cation
and anion, Figure 1.2b) and their physicochemical and
electrochemical properties depend on their ion structure
and combination of ion species. In particular, ILs
containing the FSA anion (e.g., [ComIm][FSA]:1-ethyl-
3-methylimidazolium  bis(fluorosulfonyl)amide®!-3?)
allow for stable electrode reaction for the graphite
electrode, resulting in promising rechargeable IL-based
LIBs.*-* Indeed, the FSA-based IL electrolytes showed
reversible Li insertion/deinsertion reported firstly by
Ishilawa et al. (Figure 1.6).

Another approach to nonflammable LIB electrolytes is
the “addition of nonflammable solvents” into the current
conventional carbonate-based electrolytes. In our
previous research, we chose fluorinated solvent;
tris(2.2,2-trifluoroethyl)phosphate ~ (TFEP)  among
nonflammable solvents, which is applied as a flame
retardant for LIB electrolytes by Xu et al.>® TFEP has no
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Figure 1.6 Cyclic voltammograms for the graphite electrode in 0.8
M LiTFSA/[ComIm][FSA] electrolyte at a scan rate 0.1 mV s\,
(ref. 33, Figure 2b).

flash point and is therefore categorized as a non-
hazardous material. The resulting nonflammable
electrolytes [i.e.,, 1.0 mol dm™ LiPF¢/EC+DEC
containing TFEP] were characterized from both
physicochemical and electrochemical viewpoints.37-4! 10
46,4245 [n the EC:DEC:TFEP = 53:27:20 (by volume)
electrolyte solution, (1) the electrolyte exhibited a high
ionic conductivity (7.5 mS cm™ at 298 K), which
exceeds the requirement for practical LIBs (1 mS cm™),
and (2) the electrolyte showed good charge/discharge
capacities and reversibility at the graphite electrode.
Thus, the system exhibits safe and good LIB
performances. Furthermore, we found that the used of
TFEP as a “main solvent” showed an excellent thermal
stability even at elevated temperature. This advantage
characteristic is an essential key for designing much
safer LIB electrolytes. However, in the TFEP-based
electrolyte system, it has not yet clarified Li-ion
solvation structures at the molecular levels, which is key
to control the LIB electrode reaction.

1.3.3 Concentrated Electrolytes
conceptual LIB
concentrated electrolyte comprising extremely high

Recently, a new electrolyte:
concentrations of Li salt (near or equimolar mixing ratio
of Li salt-to-solvent, 1/2 ~ 1/1) has attracted attention as
a promising candidate for practical LIB electrolyte and
has thus been widely investigated from the viewpoints
of battery application and science.*** The electrolyte,
also known as “Solvent-in-Salt” liquids, exhibits
excellent LIB performance, which is comparable to the
current commercialized systems even in carbonate
solvent-free state, and acceptable ionic conductivity
despite its high viscosity. A typical example is a
concentrated aqueous electrolyte system using only Li
salt and water to substantially improve the limited
electrochemical stability of water (1.23 V)*> up to 3—
3.8 V, resulting in the development of excellent aqueous



LIBs (Figure 1.7a).%% 4849 52. 56 Fyrthermore, a new
category of Li-ion conductive liquid based on water,
“hydrate-melt” has also reported by Yamada et. al.
(Figure 1.7b).>” 52 When two specific Li salts are mixed
with water in certain ratio, it found that Li salt dihydrate,
which is generally as a solid state, exists as a stable liquid
state at room temperature. Indeed, this electrolyte
exhibits high voltage tolerance and high Li-ion transport
property, enabling a reversible reaction at a commercial
LisTisO12 negative electrode with a low reaction
potential (1.55 V versus Li*/Li) and a high capacity (175
mAh g™). The resultant aqueous LIBs with high energy
density (> 130 Wh kg™!) and high voltage (~2.3-3.1 V)
represent significant progress towards performance
comparable to that of commercial non-aqueous batteries
(with energy densities of ~150-400 Wh kg™ and
voltages of ~2.4-3.8 V). These improvement originate
from the unique liquid structures in concentrated

46,57,50 i detail, (1) all of solvent molecules

electrolytes;
and counter-anions coordinate to Li-ions, i.e., there are
no free solvent molecules in the bulk phase, and thus (2)
the Li-ions form the specific ion-ordering structures with
complicated multiple ion pairs, (Figure 1.7¢, in the case
of water electrolyte) to modify the electronic state
(HOMO/LUMO energy levels) of the counter anions
coordinated to the Li-ion change (Figure 1.8a and b, in

the case of AN electrolytes), resulting in the formation
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Figure 1.8 (a, b) Calculated electronic structures (projected density
of states, pDOS) of (a) dilute 0.4 M, and (b) concentrated 4.2 M
LiTFSA/AN electrolytes. Insets show images of the interface
between the electrolyte and graphite electrode. (ref. 53, Figure 1d

and e).

of a stable anion-derived SEI at the negative electrode.®
%0 As a results, the concentrated electrolyte improve
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Figure 1.7 (a) Electrochemical windows measured for water at pH = 7, water-in-salt electrolyte (21 mol kg™ LiTFSA in water), and hydrate melt
electrolyte (27.8 mol kg™ LiTFSA+LIiBETA in water) [ref. 46, Figure 5Bd], (b) Stoichiometric amounts of LiTFSI, LiBETI and water used to
prepare a Li(TFSI)o7(BETT)o3-2H2O hydrate melt. The red arrows indicate the liquid levels. (ref. 52, Figure 1b). (¢) Snapshots of equilibrium

trajectories obtained from first-principles DFT-MD simulations of Li(TFST)o7(BETI)o.3-2H20 hydrate melt (28 mol kg™). Atom colors: Li, purple

(presented with a larger size for emphasis); C, dark grey; H, light grey; O, red; N, blue; S, yellow; F, light green. (ref. 52, Figure 2d).



oxidative/reductive stabilities leads to expand its
electrochemical window.

Furthermore, in concentrated sulfolane (SL)-based
clectrolytes, it reported the Li-ion within the ion-
ordering exhibit a wunique Li-ion
hopping/exchange mechanism and show high Li-ion

structures

conduction behavior (i.e., Li transference number, #; ~
1, Figure 1.9).5%%° Therefore, it is suggested that control
of the “specific ion-ordering structures” of the
concentrated electrolytes, which is not found dilute
systems, influences the LIB performance.% *° Several
combinations of Li salts and solvents have been
examined in terms of LIB electrochemistry/technology
to optimize their compositions;®! 48-4% 51, 62-63 however,
the fundamental knowledge of the structure formation
mechanism at a molecular level is limited.

ratio

Li* Hopping Conduction

concentration in Solvent-in-Salt Electrolytes

Figure 1.9 Promotion of Li-ion hopping/exchange mechanism and
Li transference number (/i) in concentrated SL-based electrolyte.

(ref. 59, Abstract)
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1.4 Electrode Reaction Mechanism for LIBs

The LIB electrode reaction mechanism has been
established in a dilute electrolyte system (e.g., 1.0 mol
dm™ Li salt in solvent mixtures of cyclic and linear
carbonates). '%2° Kinetic studies on an intercalation-type
electrode, such as a graphite electrode, have been
actively reported to provide molecular insights into the
Li-ion intercalation process. Abe et al. reported that the
activation energy (£,) on the Li*-insertion reaction for
the graphite electrode in dilute carbonate-based
electrolyte to be 53 — 59 kJ mol™!, which was mainly
attributed to the desolvation process for solvated Li-ions,
usually 4-coordinated [Li(solvent)s]” complex, near the
electrode/electrolyte interface.!32° Further systematic
investigation on electrode reaction kinetics reveals the
following results:? (1) The E, value strongly depends on
the solvation power of the solvent molecule (Dy); that is,
stronger Li-ion solvation (Figure 1.10a) leads to larger
E, value, resulting in kinetically unfavorable Li-ion
intercalation (Figure 1.10c, pass I). However, weaker
Li-ion solvation (Figure 1.10b) leads to smaller £, value,
resulting in kinetically favorable Li-ion intercalation
(Figure 1.10c, pass II). (2) In such an intercalation-type
reaction, the charge transfer process is almost
independent of negative electrode materials and
passivation SEI films; that is, only Li-ion desolvation is
predominant in reflecting the FE, value. Therefore,
controlling ion-solvent interactions to achieve “much
weaker Li-ion coordination” may be a key to developing

(b) Lower-Dy solvent

”
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anion «

solvation power: weaker

Decoordination

electrolyte

Solvation
[Li(solvent),]*

graphite electrode/electrolyte interphase

Figure 1.10 Schematic illustration of the interaction of Li ion with (a) higher-Dy solvent and (b) lower-Dy solvent, and (c) possible electrode reaction

mechanism via the Li ion decoordination at the charge transfer reaction for the graphite anode.



practical LIBs with high-rate performance. However, an
clectrode reaction kinetics and mechanism at the
electrode/electrolyte  interface  in  concentrated
clectrolyte systems have not been clarified detail at the

molecular levels.
1.5 Purpose of This Study

As mentioned above, to develop new nonflammable
LIB electrolytes using fluorinated solvents, I focused on
the “Li-ion solvation” in their electrolytes, which
directly control the LIB electrode reaction. My major
focus is to structurally design the Li ion solvation in the
highly concentrated nonflammable electrolytes at the
molecular level to control the LIB electrode reaction
using the graphite electrode as a model system. The
detailed procedures of experimental and theoretical
methods are described in Chapter 2. In Chapter 3, I
focused on tris(2,2,2-trifluoroethyl)phosphate (TFEP) as
an electrolyte solvent for nonflammable LIBs, which has
a bulky molecular structure (molecular volume: 288.6
A?). The combined structural and electrochemical study
was performed for the TFEP-based electrolyte
containing LiFSA salt in dilute salt condition to
demonstrate successful Li-ion insertion reaction into a
graphite electrode triggered via a structural control of Li-
ion solvation by introducing a small-size molecule into
the TFEP electrolytes. In Chapter 4, 1 extended the
LiFSA/TFEP electrolytes to concentrated electrolytes
and proposed a molecular design for Li ion-ordered
structures that facilitates the LIB electrode reaction. In
Chapter 5, the 2,2.2-tritfluorocthyl acetate (TFEAc)
having smaller molecular size (147.5 A?), and weaker
coordination power was selected as a main solvent
among fluorinated solvents to find out the role of the two
solvent characteristics on the ion solvation and electrode
reaction in dilute LiTFSA/TFEAc electrolytes. In
Chapter 6, I tried to establish the highly concentrated
electrolyte based on the TFEAc solvent, resulting in a
kinetically favorable electrode reaction with lower
activation energy. Finally, 1 summarized overall
conclusion in Chapter 7, and pointed out the importance
of the solvent parameters; particularly, molecular size
and coordination power to metal ions of solvent
molecule, on the battery electrode reaction.
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Chapter 2

Experimental

2.1 Materials

LiFSA [FSA: bis(fluorosulfonyl)amide; Kanto
Chemical, battery grade] and LiTFSA [TFSA:
bis(trifluoromethanesulfonyl)amide; Kanto Chemical,
battery grade] salt was vacuum dried at 373 K for 50 h
before use. TFEP [tris(2,2,2-trifluoroethyl)phosphate] ;
TOSOH FINECHEM, battery grade), AN (acetonitrile;
FUJIFILM Wako Pure Chemical, CO., super-
dehydrated), [ComIm][FSA] (1-ethyl -3-
methylimidazolium FSA; Kanto Chemical), TFEAc
(2,2,2-trifluoroethyl acetate; TOSOH FINECHEM,
battery grade) and EC (ethylene carbonate; Kishida
Chemical, battery grade) were used without further
purification. Sample electrolyte solutions were prepared
by weighing the solvent and Li salt to the required molar
ratio (Li salt:solvent) in an Ar-filled glovebox; the
corresponding molarities (Li salt concentration, ct;)
were then calculated using the solution density (g cm™).
Densities were measured using an SVM™ 3000
Stabinger viscometer (Anton Paar) at 298 K. The water
content in the sample solution was determined to be less
than 50 ppm by Karl Fischer titration.

2.2 Electrochemical Measurements
Linear sweep voltammetry (LSV, HZ-5000; Hokuto
Denko) was measured by using a platinum working

electrode (1.0 cm?) with a Li foil (counter and reference
electrodes, 3.75 and 0.30 cm?, respectively) at 298 K to

Cap (b) @

Spring
Spring holder

Current collector ©
Lithium sheet @
_ Washer

> Teflon spacer Q
Glass filter
Separator
Working electrode o

& Lithium sheet

Case =

evaluated electrochemical window (oxidative/reductive
stabilities). LSVs were performed by scanning the cell
voltage from the open circuit potential toward more
negative or positive potentials at a scan rate of 5.0 mV
sTL

Cyclic voltammetry (CV, HZ-5000; Hokuto Denko)
was conducted using a conventional three-electrode cell
(Figure 2.1a) with graphite (thickness: 0.01 mm,
diameter: 10 ¢, 4.4 mg cm™2, Piotrek) as the working
electrode and a Li foil as both the counter and reference
electrodes (3.75 and 0.30 cm?, respectively) at a scan
rate of 0.2 mV s7! and voltage range of 0-3 V.

Charge—discharge cycling and rate property test used a
CR2032 coin-type two-electrode cell (Figure 2.1b) with
a graphite as the working electrode (thickness: 0.01 mm,
diameter: 10 ¢, 4.4 mg cm™2, Piotrek) and Li foil as the
counter electrode (6.15 cm?). The cell was charged and
discharged with a 0.1 C rate over a voltage range of 0—
2.7 V and discharged at various C-rare (0.1-5 C,
corresponding to a current density of 0.16-8.02 mA
cm™?),

Tonic conductivity was measured by AC impedance
spectroscopy using a frequency response analyzer (SI-
1260; Solartron) in the frequency range of 100 kHz to 10
mHz at 298 K. The ionic conductivity cell shows in
Figure 2.1c. The cell constants were measured in
aqueous KCl solutions (0.01, 0.1, and 1.0 mol dm™, x =
0.00241, 0.0204, 0.171 S cm™' at 298 K, respectively) as
standard sample solutions. The ionic conductivity o (S
cm™!) was calculated by extrapolation from a cole-cole

(©)
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Figure 2.1 (a) Schematic diagram of three electrode metal cell and (b) diagram of the apparatus for the two electrodes coin type cell and (c) diagram

of the apparatus for the ionic conductivity measurement.



plot to obtain the real axis and intercept resistances using
equation (1);

o=1/RxC .
Where, R and C are the resistance and capacitance,
respectively.

Electrochemical impedance was measured by the AC
impedance method over the frequency range from 1.0
MHzto 10 mHz with a peak-to-peak amplitude of 10 mV
at 298 K. The measurements were performed for a three-
electrode cell with graphite as the working electrode
(thickness: 0.01 mm, diameter: 10 ¢, 4.4 mg cm™,
Piotrek) and Li foil as the counter and reference
electrodes (3.75 and 0.30 cm?, respectively) under open
circuit conditions.

Flame tests were conducted by using a glass filter soaked
with each electrolyte close to gas burner flame in a draft
chamber.

2.3 Measurements and Analysis

Vibrational spectroscopy

Raman spectroscopy was performed using a FT-
Raman/IR spectrometer (FT/IR-6100; Jasco) equipped
with an Nd:YaGlaser (1064 nm), in Chapter 3 and 4. The
sample solution was filled in a quartz cell, and the
Raman spectrum was measured with an optical
resolution of 4.0 cm™ and were accumulated 1024 times
in order to achieve a sufficiently high signal-to-noise
ratio. Dispersion Raman spectroscopy was performed
using a dispersion Raman spectrometer (NRS-3100;
Jasco) equipped with a 532.2 nm wavelength laser at 298
K, in Chapter 5. The sample solution was filled in a
quartz cell, and the Raman spectrum was measured with
an optical resolution of 4.0 cm™,

Attenuated (ATR-IR)
spectroscopy was pertormed using FT-IR spectroscopy

total reflection infrared
(FT/IR-6100; Jasco); the instrument was equipped with
a KBr beam splitter and a single-reflection ATR cell. The
sample solution was placed on a diamond prism with an
incident angle of 45°. The optical resolution was 4.0
cm™, and the evanescent wave penetration depth, dj, per
reflection by a diamond prism was estimated using the
following equation;
dy = A 2nni(sin®0—n/m %) ),

where A is the wavelength, @ is the angle of incident (=
45°), and m and n, are the refractive indices of the

diamond prism (2.42) and sample solutions, respectively.

The reflective indices of the samples at 298 K were
determined using an Abbe refractometer (NAR-1 T
Solid; Atago), which are listed in each Chapter. The
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observed absorbance 4 was thus corrected using the
estimated d, value, that is, A/dp. The resulting IR and
Raman spectra were deconvoluted into individual bands
using a nonlinear least-squares curve-fitting based on a
pseudo-Voigt function.!

SO =AW + (1) f6(v) 3),
AW =h/{1+@-w)/+w’} ),
Ja(v)=hexp {— (v—v0)*/ &?} 3).

Where, fi(v) and f5(v) are Lorentzian and Gaussian
functions, respectively, and v is the fraction of Lorentz
components, o <v < 1. The 4 is the peak height, v is the
wavenumber, and  is the half-width at half maximum.
The intensity 7 of a single peak is given by
I=ylL+ (1))l (6).
where, & is Lorentz component and I is Gauss
component. In terms of Raman spectra, the integrated
intensity of a single band for free solvent molecule in
bulk is represented as Iy = Jicy, where Jr and c¢r are the
Raman scattering coefficient and the concentration,
respectively. Similarly, the integrated intensity of a
single band for bound solvent molecule in the Li-ion
coordination sphere is represented as l, = Jycp. Using
mass balance equations; ¢y = ct— ¢p = cr— ncri, where cr,
cri, and n represent the total solvent and Li-ion
concentrations and the number of solvent molecule
bound to Li-ion, respectively. The following equation
can be obtained;
I/er =—nJe (criler) + J¢ ™,

plots of /et against cri/cr give a straight line with the
slope a (=-nJr) and intercept £ (= J), and the n value is
thus obtained from n =—a/f. Peak deconvolution in the
IR spectra was similar to the Raman spectra, and the
integrated intensity of the single band is given as /= gcd,
where ¢ is the molar absorption coefticient.

High-energy X-ray total scattering

High energy X-ray total scattering (HEXTS)
measurements were conducted at 298 K using a high-
energy X-ray diffraction apparatus (BL04B2 beamline,
SPring-8, JASRI, Japan).* Monochromatized 61.4 keV
X-rays were obtained using a Si(220) monochromator.
The observed X-ray scattering intensities were corrected
for absorption, polarization, and incoherent scattering to
determine coherent scattering intensities, Zeon(g).”” The
experimental X-ray structure factor per stoichiometric
volume, S$P(g), was obtained using the following
equation; (8). The ILon(g) is the coherent scattering
intensity obtained from the corrected X-ray scattering



intensity, #; and fi(g) correspond to the number and
atomic scattering factor of atom 7, respectively, and N is
the total number of atoms in the stoichiometric volume.
The radial distribution function, G*P(r) is obtained using
the inverse Fourier transform of the S$**P(g) as follows;
(9), where py corresponds to the number density of
atoms, gmax corresponds to the maximum value of g (25
A™"), and W(g), (10) corresponds to the Lorch window

function.?-1°

In situ SEIRAS spectroscopy

In situ surface enhanced absorption
spectroscopy (SEIRAS) was performed using a Nicolet
iS50 FTIR (Thermo Fischer Scientific) spectrometer
equipped with a Mercury Cadmium Telluride detector

infrared

and with an optical resolution of 4 cm™. The optical path
was fully replaced with N gas. A Pt-deposited Si prism
(3.14 cm?) was mounted in a spectro-electrochemical
three-clectrode cell with a Li foil (counter and reference
electrodes, 1.5 and 1.5 cm? respectively, Figure 2.2).
The surface of the Si prisms was repeatedly polished
with 1 um polycrystalline diamond abrasive and cleaned
with pure water. After polishing, the smoothed surface
was immersed in a 40% NH4F solutions of etching agent
for 1 minute to remove the surface oxide film, and then
hydrogen-terminated. The surface was immersed in 0.5
mM PdCl; + 1% HF solutions for 5 minutes to adsorb Pd
on the surface. Then, I prepared an electroless Pt plating
solution containing 0.01 mol dm™ [Pt(NH;)s]OH, + pH
buffer: 1.0 mol dm™ NHj (28%) + reducing agent 0.06
mol dm™ hydrazine. The plated Si prisms (Figure 2.3)
were fabricated by plating in a high-temperature water

Reference
electrode

L G

e

Current collector
Pt film
(Working electrode)

Si prism

Figure 2.2 Schematic of the spectroelectrochemical cell for in situ

SEIRAS cell.

bath at 320 K for about 7 to 12 min. The cell was set in
the spectrometer at an incident beam angle of 67° to
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Figure 2.3 The images of the Pt-deposited Si prism.

record SEIRA spectra during LSV measurements (HSV-
100, Hokuto Denko). All spectra were presented in the
form of absorbance according to log(/y//), where /o and /
are the reference spectrum (measured at 3.0 V vs Li/Li")
and the in situ spectrum at a given potential, respectively.

MD simulations

An all-atom molecular dynamics (MD) simulation was
conducted using the GROMACS 2018.8 program,
applying the NTP ensemble condition (298 K and 1 atm)
in a cubic cell.'’> ® The composition (i.e., number of
LiFSA salts and solvent molecules) in simulation box
and the box length at equilibrium condition are listed in
each chapter. The total simulation time was 15.0 ns. Data
collected at 0.1 ps intervals from the last 500 ps were
analyzed to determine X-ray weighted structure factors
and radial distribution functions (SMP(g) and GMP(r),
respectively). The resulting density values were in good
agreement with the corresponding experimental density
values (see each Chapter Table). The CLaP and OPLS-
AA force fields, including intermolecular Lennard—
(L) and Coulombic and
intramolecular interactions (i.e., bond stretching, angle

Jones interactions
bending, and torsion of dihedral angles) were used for
FSA,"2 TFEP,3-* AN'16 and TFEAc.!” '® respectively.
The LJ parameter for Li ions (see the Li salt/carbonate
solvent system!'®) was used. In the partial charges (¢ and
q") for Li* and FSA™, we assumed the effective partial
charge due to ion-solvation to modify them from the
original values. The modified values are shown in
Figure A3.1 (TFEP, AN'", and LiFSA!? in Chapter 3)
and Figure A6.1 (LiFSA'? and TFEAc!” '® in Chapter
6). The values of TFEP were calculated based on
ChelpG method (MP2/cc-pVTZ(-1) calculation).?

The SMP(q) functions were calculated using the
trajectory from the MD simulations as follows; (11),
where 7/, the limit of the integration, was set to 25 A, #;
and N are the number of i atoms and the total number of
atoms in the simulation box, respectively, and g;MP(r) is
the atom—atom pair correlation function between atoms
i and j. GMP(r) was obtained from the calculated SMP(q)
using an inverse Fourier transform.

DFT calculations
Density functional theory (DFT) calculations were
performed using Gaussian 09 software.?! The geometry
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of Li-ion complexes were fully optimized at the
B3LYP/6-311*%* level in order to evaluate highest
unoccupied molecular orbital (HOMO) energy (Emomo)
and lowest unoccupied molecular orbital (LUMO)
energy (Erumo) and obtain their theoretical Raman
bands??%* in Chapter 4 and 5. The binding energy AEping
was calculated as the SCF energy difterence between the
Li-X (= solvent molecule (1:1) complex and its
individual components (Li" and X) according to AEying =
Escr (complex) — FEscr (LiY) — Escr (X) and then
corrected by the basis set superposition error using the
counterpoise method?* in Figure A5.1 (Chapter 5).
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Chapter 3

Fluorinated Alkyl-Phosphate-Based FElectrolytes

Lithium-Ion Coordination Structure

3.1 Introduction

In the nonflammable organic solvents category, Xu et
al. reported that tris(2,2,2-trifluoroethyl) phosphate
(TFEP) can be applied as a nonflammable additive to
solvent-based LIB electrolytes;'? they
reported that an optimized TFEP in carbonate-based
electrolyte system led to sufficient LIB performance:
15%-20% TFEP in 1.0 mol kg™! LiPF¢/EC+EMC (1:1
by weight). We have reported that nonflammable
electrolytes based on LiPFs and cyclic/linear carbonate
mixtures containing TFEP as a nonflammable additive
can work well in both solution and polymer gel-based
rechargeable LIBs.? Furthermore, we found that the
nonflammable electrolyte systems using TFEP as the
main solvent, 0.5 mol dm™ Li salt/ TFEP containing EC,
showed great thermal stability up to 673 K.*° In a
previous study, we reported on the structural properties
of the Li bis(trifluoromethanesulfonyl)amide (LiTFSA)
salt in a TFEP electrolyte solution at a molecular level:®

carbonate

(1) TFEP can be categorized as an aprotic solvent with
weak electron-pair donating ability showing weak ion-
solvent interactions, (2) the large molecular size of TFEP
causes a steric repulsion among the TFEP molecules in
the Li-ion solvation sphere, and thus (3) Li-ions prefer
to form ion-pair complexes with the TFSA anion, even
in low Li salt concentrations (ci;), to reduce the steric
repulsion among the solvated TFEP molecules.

In a conventional LIB employing a graphite electrode,
carbonate organic electrolytes are required to achieve
stability and reversibility. Here, we note that the FSA
anion plays a key role, together with carbonate solvents
in the LIB electrode reaction.” Ishikawa et al. reported
that FSA-based IL electrolytes containing Li-ions
exhibit excellent electrochemical performances; i.e., Li-
ion insertion into graphite occurs in FSA-based ILs
without carbonate components.!%!2 However, in TFSA-
based IL electrolytes, no electrode reactions are
observed in such carbonate-free systems. They proposed
a model of the electrode reaction mechanism focusing
on the electrode/electrolyte interface, which is not a
SEI, the LiFSA/[ComIm][FSA]

conventional in
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with Controlled

electrolyte system (ComIm: 1-ethyl-3-
methylimidazolium cation) as follows:!* (1) in the neat
IL, the ComIm cations locate at the primary layer of the
graphite anode during charging. (2) When the Li salt is
added to the IL, the primary layer is occupied by Li-ions
rather than the C,mIm cations, and the secondary layer
is then filled with FSA anions binding to the Li-ions
outside to form a compact double-layer structure. (3)
This Li"-FSA™-based double layer may prevent
decomposition of the organic ComIm cations, leading to
stable Li-ion insertion into the graphite. In this model,
the weak solvation of Li-ions with FSA is an essential
factor; that is, weaker Li*--FSA™ interactions facilitate
FSA desolvation from the first solvation sphere,
followed by the directly Li-ion-located primary layer on
the graphite. This mechanism could be applied to the
TFSA-based electrolyte system due to a stronger
Li*---TFSA~ the

complexes hindering TFSA desolvation.

interaction in Li-ion solvation

In this work, by exploiting the inherent FSA-
coordination characteristics, T aimed to develop “Li*
coordination-controlled organic electrolytes” to enable
the LIB electrode reaction in a carbonate-free system. [
selected TFEP as self-extinguishing properties, resulting
in non-flammable organic electrolytes.> * To allow Li-
ion insertion into a graphite electrode for LIBs, I propose
Li-ion solvation-controlled electrolytes using an TFEP
and an LiFSA salt, which has FSA-coordination
characteristics at the molecular levels.

3.2 Experimental

3.2.1 Materials

I prepared ternary LiFSA/TFEP+AN solutions at fixed
cri = 1.0 mol dm™ and varied the ratio of Li salt to AN
(by mol.), i.e., Li:AN =1:0, 1:1, and 1:2 (termed the 1:0,
1:1, and 1:2 solutions). The 1:0 solution corresponds to
the binary LiFSA/TFEP solution. Sample electrolyte
solutions were prepared by weighing the solvent and Li
salt to the required molar ratio (Li salt:solvent) in an Ar-



filled glovebox; the corresponding molarities (Li salt
concentration, cri) were then calculated using the
solution density (g cm™3) are listed in Table A3.1 (in
Appendix). The composition (i.e., number of LiFSA
salts and solvent molecules) of the MD simulation box
is listed in Table A3.2. The resulting density values were
in good agreement with the corresponding experimental
density values.

3.3 Results and Discussion

3.3.1 Li-ion complexes in neat TFEP

Figure 3.1a shows IR spectra of LiFSA/TFEP
solutions with different Li salt concentrations (c;), from
700 to 1000 cm™. The broad band at approximately 880—
910 em™ for the ¢ = 0 mol dm™ solution (neat TFEP,
blue line), which is assigned to the O—P—O asymmetric
stretching mode of TFEP in the bulk'> © (termed free
TFEP), gradually decreased in intensity as cr; increased.
Conversely, a new band appeared at a higher frequency
(approximately 903.5 cm™, shown by a red arrow in the
figure) and intensified as cr; increased. It was established
in our previous study (IR spectroscopy and DFT
calculations)® that the 903.5 cm™ band is assigned to the
TFEP bound to the Li-ion (termed bound TFEP). I
observed a clear isosbestic point at 907.0 cm™,
suggesting that the TFEP molecules coexisted as two
species, i.e., free and bound TFEP, in the cr; solutions
examined herein. In the 700770 cm™ range, two bands
centered at 745.3 and 758.2 cm™! increased in intensity
as cri increased. These bands originated from the FSA
component (the former corresponding to “free FSA™ in
the bulk and the atter to “bound FSA™ in the first
coordination sphere of the Li-ion); this will be discussed
in detail in a later section.

To determine the solvation number of TFEP molecules
around Li-ions, I performed a least-squares curve-fitting
analysis of the observed IR spectra (800—-1000 cm™) to
deconvolute the spectrum into individual bands for each
component. In the neat TFEP system (cr; = 0 mol dm™),
the IR spectrum from 850 to 950 cm™, which is assigned
to the free TFEP [145(O-P—0)] mentioned above, was

NC)

bound | §
free
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Wavenumber/ cm’”

900
Wavenumber/ cm’'

Figure 3.1 (a) IR spectra of LIFSA/TFEP solutions with different ci.
(b) A typical curve-fitting result for the ci = 1.0 mol dm™ solution.

significantly distorted. According to a previous IR and
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DFT study.® the distorted broad spectrum can be
represented by two components, as TFEP has complex
geometry and molecular flexibility. In this study, the IR
spectrum in this range was deconvoluted using two
bands of free TFEP; the fitting parameters (half-width at
half-maximum and Gauss/Lorentz ratio on pseudo-
Voigt functions) and the ratio of the band height between
the two bands were fixed for all ¢ during the current
fitting analysis. A typical result for ¢i; = 1.0 mol dm™ is
shown in Figure 3.1b. The IR spectrum could be
deconvoluted into two free TFEP components (blue line:
887.0 and 907.2 cm™) and one bound TFEP component
(red line: 903.5 cm™"), which was also applied to the IR
spectra for all cr;. I estimated the solvation number for
the Li-ions (nreep) by analyzing the sum of the integrated
intensities for the 887.0 and 907.2 cm™ bands (i.e., I =
Iss7 + Iog7) as a function of cr;. Figure 3.2 shows a plot
of I/cr vs. cri/er based on the equation (1) given in the
Experimental Section. For every cr;i investigated here,
the plots fall on a straight line with slope —ner and
intercept & such that nrppp = 2.2 £ 0.3 according to n =
—slope/intercept. This indicates that Li-ions are solvated
with two TFEP molecules in solution, which is similar
to the analogous LiTFSA/TFEP electrolyte system
described in the previous study (7reep = 2.0 = 0.1).° Here,
the the
corresponding values reported for conventional aprotic

resulting #srpep  is  significantly below
solvents, i.e., a tetrahedral [Li(solvent)s]" complex with
n=4.171 predicted that the Li-ions coordinate with
both the TFEP and FSA (counter-anion) components to
form [Li(TFEP),(FSA),] ion-pair complexes. Thus, the
current LiFSA/TFEP system was subjected to further
structural investigation using IR spectroscopy, focusing
especially on FSA coordination in the Li-ion complexes.

1 fATFEP/ CT TFEP

0.1

crile T_TFEP

0.0 0.2

Figure 3.2 I typp/cr trep vs. cui/cr trep plot using the deconvoluted

bands (Jr trep= Iss7 + J907) of the free TFEP.



Figure 3.3a shows IR spectra for LiFSA/TFEP
solutions with varying cp; from 700 to 800 cm™'; these
bands are assigned to the S-N-S and S-F symmetric
stretching vibrations of the FSA component. As shown
in the figure, two bands at around 745.3 and 758.2 cm™
intensified as c¢; increased. To assign these to potential
FSA components, [ also performed IR measurements for
the TFEP solutions containing 1-ethyl-3-
methylimidazolium FSA ionic liquid (|ComIm][FSA])
as a model system; I assumed herein that [C;mIm][FSA]
dissolved in TFEP is completely dissociated to ComIm*
and FSA™ ions owing to the larger ionic size of the
delocalized ComIm™ cation, leading to “free-FSA”
detection from the present IR spectra. The result is
shown in the Supporting Information. The IR spectrum
for a 1.0 mol dm™ [ComIm][FSA)/TFEP solution
contained two bands at 745.3 and 758.2 cm™!. Based on
this observation, it is feasible that the spectrum
originating from free FSA consisted of two bands in this
frequency range, which might be due to the molecular
flexibility of FSA allowing formation of various FSA
conformers in the liquid state.!'®2° Considering this
model system, I conducted a band deconvolution
analysis for the LiFSA/TFEP system as follows: (1)
With regard to the free-FSA component, I fixed the
fitting parameters (frequency position, width, ratio of
heights, half~width  at  half~maximum, and
Gauss/Lorentz ratio on pseudo-Voigt functions) among
the two bands (free 1 and free 2) and (2) added a new
band as a bound-FSA component at the higher frequency
side. A typical result (ci = 1.0 mol dm™) is shown in
Figure 3.3b. The
successfully reproduced using the three bands; two of
these (blue line: 745.3 and 758.2 cm™) corresponded to
free FSA with one major band (red line: 768.5 cm™)
corresponding to bound FSA. Figure 3.4 shows the
concentration ratio of bound FSA to the total FSA
(cv_rsa/er Fsa) vs. cri, where cr rsa is the total FSA
concentration in the solutions (i.e., ¢t Fsa = ¢t rsa +
¢cb rsa). A detailed procedure for calculating ¢t rsa and
¢y rsa from the IR data is given in the Supporting

experimental spectrum  was

Information. The ¢y rsa/ct rsa value represents the
proportion of the ion-pair complex, Li™--FSA~, which

(®)

free 1

3
Ald, (/10°)

bound
free 2

0.0
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Figure 3.3 (a) IR spectra for LIFSA/TFEP solutions with varying cLi

(b) A typical curve-fitting result for the cLi = 1.0 mol dm™ solution.

was estimated as ~0.8, irrespective of the c1i examined
here. This result suggested that approximately 80% of
the total FSA anions coordinate with the Li-ions to form
Li"FSA™ (1:1) ion pairs, even in dilute c1; solutions
below 1.0 mol dm™. Therefore, I concluded that in the
LiFSA/TFEP solutions, Li-ions exist mainly as
[Li(TFEP)2(FSA)] complexes as the major species at
equilibrium; these coexist with ion-pair-free minor
species (20%). This result is consistent with that of the
analogous LiTFSA/TFEP electrolyte described in our
previous study;® (1) the Li-ions are coordinated with
both TFEP (solvent) and TFSA (counter-anion) to form
[Li(TFEP),(TFSA)] complexes as a major species (80%)
in solution, which coexist with ion-pair-free Li-ions
(minor species); (2) in the ion-pair complexes, the
coordinated TFSA anion acts as a bidentate ligand (bi-
TFSA) with two oxygen atoms per TFSA molecule.
Consequently, the Li-ions are tetrahedrally coordinated
with four oxygen atoms (i.e., two from bi-TFSA and two
from the two solvated TFEP molecules). It is therefore
feasible that in the current LiFSA/TFEP system, the ion-
pair complexes comprise one bidentate FSA and two
monodentate TFEP species to form [Li(TFEP)(bi-
FSA)].
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Figure 3.4 Concentration ratio of bound FSA to the total FSA (free +
bound) in LiFSA/TFEP solutions with varying cr..

3.3.2 Structural changes in the Li-ion complexes on
adding AN

To structurally control the ion-pair complexes formed
in bulky TFEP solvent, a neutral ligand was added to the
LiFSA/TFEP electrolytes. I selected acetonitrile (AN) as
a neutral ligand additive for this system; this was
because (1) AN is a small molecule compared with bulky
TFEP and (2) the electron-pair donating ability, i.c.,
Gutman donor number (Dn) of AN is close to that of
TFEP (AN: Dy = 14.1,2! TFEP: Dy = 12.9°), which



emphasizes the solvation steric effect on the Li-ion
complex structure without a solvent Dy etfect. Figure
3.5 shows IR spectra from 700-800 cm™! (originating
from the FSA anion) for cr; = 1.0 mol dm™ LiFSA/TFEP
solutions with added AN [Li:AN (by mol.) = 1:0 (black),
1:1 (red), and 1:2 (green)]. The peak position at 768.5
cm™! for the cr; = 1.0 mol dm™ solution (Li:AN = 1:0),
which is attributed to the bound-FSA species (clearly
seen by comparing with the IR spectrum of the free-FSA
species: TFEP solution containing [ComIm][FSA],
dashed gray line shown in Figure 3.5), gradually shifted
to lower frequencies as AN was added, reaching 758.5
U for the Li:AN = 1:2 solution. Their peak
deconvolution results are shown in Figure A3.1. As with
the neat TFEP system, the IR spectra exhibited two free-
FSA bands and one bound-FSA band; later, the peak
positions were 768.5 cm™! (Li:AN = 1:0), 767.0 cm™
(1:1), and 764.9 cm™ (1:2). As discussed above, in the
LiFSA/TFEP solutions (without AN), the FSA anions
coordinate to Li-ions in a bidentate manner, forming
[Li(TFEP)(bi-FSA)] complexes to give a band at 768.5
cm™!. Thus, the peak shift for bound FSA might suggest
a structural change in the Li-ion complexes; i.e., the bi-
FSA changed to another coordination mode
[monodentate FSA (mono-FSA)] after AN addition to
the LiFSA/TFEP solutions. Giftin et al. reported that in
ionic liquid electrolytes, an amide-type anion exhibited

cm-

different frequency positions due to its coordination
mode around metal ions; in Mg(TFSA),/IL solutions, the
trequency of the monodentate TFSA component was
lower than that of bidentate TFSA according to Raman
spectroscopy and DFT calculations.?? This could be
applied to the analogous FSA-based electrolyte system
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Figure 3.5 IR spectra for the LIFSA/TFEP solutions (c¢Li = 1.0 mol
dm™) with added AN [Li:AN (by mol.) = 1:0 (black), 1:1 (red), and
-3

1:2 (green)], together with the TFEP solution containing 1.0 mol dm
[ComIm][FSA] (dashed gray line).
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in this work, and 1 therefore proposed that the FSA-
coordination structure could be controlled by adding a
small amount of neutral ligand (in this case, AN), leading
to Li"-mono-FSA™ ion pairs in solution. To confirm
“AN coordination” in the structurally altered Li-ion
complexes, | recorded FT-Raman spectra from 2240—
2300 cm™' (N=C symmetric stretching vibration of
AN),Z2* which are sensitive to metal ion--AN
interactions, for LiFSA/TFEP solutions with varying AN
contents (Figure 3.6). Figure 3.6a and b show Raman
spectra for 1.0 M LiFSA/TFEP solution with Li:AN =
1:1 and 1:2 (by mol.), respectively, and for those without
LiFSA salt (i.e., solvent mixtures of TFEP and AN). For
both systems, the intensity of the free AN band at around
2265 cm™! clearly weakened by adding Li salt, and a new
band (bound AN) appeared at the higher frequency side
(~2280 cm™). A fitting analysis (band deconvolution)
was performed for the observed Raman spectra, shown
in Figure 3.6¢ and d (Li:AN = 1:1 and 1:2, respectively).
The Raman spectra were successfully represented by
four components: two free (2261.0 and 2265.0 cm™,
blue lines) and two bound (2277.5 and 2285.0 cm™, red
lines) bands, and the fitting results (numbers of
free/bound bands and their frequencies) were consistent
with those reported for the other AN-based electrolyte

2324 Based on the deconvoluted free bands, I

system.
estimated the individual solvation numbers of AN
molecules (nax) around Li-ions in the present
LiFSA/TFEP+AN electrolytes. Using the integrated
intensities of the two free bands, J (= lze1 + L2es), |
could calculate the concentration of the free AN (cr an)
using the following relation: /t=J; an ¢t an, where Jr an
is the Raman scattering coefficient. In this work, J; an
was determined sepa- rately from the additional Raman
experiments for the mixed solutions of TFEP and AN;
this is described in detail in the Appendix (Figure A3.4).
The nan (= [cr_an -(Jr an/Jt an)]/eLi) values were 0.19
and 0.38 for Li:AN = 1:1 and 1:2 solutions, respectively.

3.3.3 HEXTS experiments and MD simulations
Figure 3.7 shows X-ray redial distribution functions
obtained from HEXTS experiments and MD simulations
[G=**(r) and GMP(r), respectively] performed on the 1.0
mol dm™ LiFSA/TFEP solutions (a) without AN
(Li:AN=1:0) and (b) with AN (Li:AN=1:2). The G(r)
functions were calculated by Fourier transformation of
the corresponding structure factors, S(g)s (Figure A3.5)
and shown as an r-weighted difference form, #2[G(r) - 1]
in the figure. It was clear that the GMP(r) functions
successfully reproduced the G**P(r) functions from the
short and long r range for both Li:AN = 1:0 and 1:2
systems. To discuss the detailed coordination structure
in the Li-ion solvated complexes, I evaluated the atom



—atom pair correlation functions, gMP(r), particularly X—
Y focusing on the local-scale structure; i.e., the Li™—Ogep,
Li*—Ors, and Li™—N,, correlations for the Li*—TFEP,
Li*—FSA, and Li*—AN interactions, respectively. The
resulting gMPi-orep(r), g P1Li-osa(r), and gMPrinan(r) are
shown in Figure A3.6, together with the average
coordination number Nx-y(r), calculated by integrating
the corresponding gMPx.y(r) up to a given r. In the
LiFSA/TFEP (Li:AN = 1:0) system, a major peak
appeared at 1.98 A in both glV {DLi-Otfep(r), gM DLi_ofsa(}").
The Niio(r) values for the Li*—Ouep and Li*—Ogs,
interactions were estimated to be ~2.1 and ~2.5 (plateau
in the Nx_y(r) at = 2.5-3.0 A), respectively, indicating
that the Li-ions are coordinated with four O atoms
including two of the monodentate-coordinated TFEP
and two of the bidentate-coordinated FSA. This result
was consistent with the result from the current IR study
as described above: i.e., the nrrep and spsa are ~2.2 and
~0.8 to form [Li(TFEP)y(bi-FSA);] complexes as the
major species. The Niiowep(r) and The MNi—ofsa(r)
decreased by adding AN to ~0.60 (Li'—TFEP
interactions) and ~1.2 (Li'—FSA interactions), instead,
the Minan(r) for the Li'—AN interaction was ~2.1.
Figure 3.8 shows the g"P(¥) for the Li'-FSA
interactions in the LiFSA/TFEP solutions without and
with AN. It has been established that in the FSA-based
1L containing LiFSA salt, the correlation between Li*
and N atom (FSA) is a good indicator to distinguish the
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Figure 3.7 X-ray radial distribution functions derived from HEXTS
MD)
simulations (solid lines) for the LiF SA/TFEP solutions (cLi = 1.0 mol
dm™3) (a) without AN (Li:AN = 1:0) and (b) with added AN (Li: AN
=1:2).

experiments (open circles) and molecular dynamics

bi-FSA and mono-FSA in the Li-ion complexes; i.e., a
peak at ~3.7 A is assigned to the bi-FSA and that at ~4.2
A to the mono-FSA. In the gMPrinpa(r) for the
LiFSA/TFEP system (without AN), two intense peaks
appeared at 3.7 A (bi-FSA) and 4.2 A (mono-FSA), and
the intensity ratio of mono-FSA to bi-FSA species was
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Figure 3.6 Raman spectra for the TFEP+AN solutions containing ci = 0 mol dm™ (blue) and 1.0 mol dm™ (red) with (a) Li: AN = 1:1 and (b) 1:2,

and their band-deconvolution results (¢ and d, respectively).
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Figure 3.8 Atom-atom pair correlation functions [ Linga(r)s] for
the N atoms of FSA around the Li-ions for the LiF SA/TFEP solutions
(cri = 1.0 mol dm™3) without AN (Li:AN = 1:0, black) and with AN
(Li:AN = 1:2, red).

estimated to be [mono-FSA]/[bi-FSA] = 0.32. The
intensity ratio increased when adding AN (Li:AN = 1:2
system) to be [mono-FSAJ/[bi-FSA] = 0.94. This
suggested that a structural change from the bi-FSA to the
mono-FSA in the Li-ion complexes evidently occurred
by adding neutral ligand, AN.

Consequently, I therefore proposed that (1) Li-ions are
coordinated with three components, TFEP and AN
molecules, and FSA anions, to form intricate Li-ion
complexes in the AN- containing electrolyte system and
(2) AN coordination triggers structural changes in the
coordinated FSA within the Li-ion complexes, from bi-
FSA to mono-FSA.

3.3.4 Electrode reaction: Li ion insertion/deinsertion in
the graphite

Figure 3.9 shows typical cyclic voltammograms (CVs)
of a graphite anode in 1.0 mol dm3 LiFSA/TFEP+AN
with Li:AN (by mol) = 1:0, 1:1, and 1:2. For the
LiFSA/TFEP system (without AN), no significant redox
current was observed from 0-2.0 V (vs. Li/Li+). This
indicated that less reactive insertion/deinser- tion of Li
ions into/from the graphite electrode occurred in the
electrolyte without AN additive. Interestingly, adding
AN to the inert LiFSA/TFEP electrolyte promoted the
electrode reaction for the graphite: i.e., in the Li:AN =
1:1 system (Figure 3.9b), a considerable reductive
current was observed from 0.4-0 V during the cathodic
scan, due to Li-ion insertion into the graphite, and an
oxidative current due to Li-ion deinsertion was observed
from 0-0.5 V during the anodic scan. Further increasing
the AN content (Li:AN = 1:2 system, Figure 3.9¢)
further increased the redox current to give a sharper CV
profile. In the LiFSA/TFEP+AN system, the broad
reductive current was observed from 1.0-0.2 V during
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the first cycle, which is a result of the decomposition of
the AN in the solutions. Indeed, the concentration of the
free AN, cran [= 1 an — ¢p_an], which is calculated
based on the Raman data analysis described above,
increases with increasing AN content (Li:AN = 1:1:0.81
mol dm~3; Li:AN = 1:2:1.62 mol dm™3). The reductive
decomposition significantly decreased for subsequent
cycles to observe stable and reversible CV profiles. This
might be ascribed to a SEI formation on the graphite
originated from decomposition of the FSA component.
Indeed, the FSA-based SEI passivation film has
previously been reported in conventional electrolytes
containing LiFSA salt.?% %2

Here, I note that the LiFSA/TFEP without AN (Li:AN
= 1:0) electrolyte showed almost no or reduced Li-ion
insertion/ deinsertion reaction, although the SEI was
formed on the graphite electrode to suppress the
electrolyte decomposition during subsequent cycles. In
contrast, Li-ion insertion evidently occurred in the
LiFSA/TFEP with AN. The ionic conductivity of the
LiFSA/TFEP electrolytes gradually increased with
increasing AN content due to decreasing the solution
viscosity (Figure 3.10a); however, the values were
significantly lower than those of the conventional
organic electrolytes (1.0 mol dm™ Li salt in carbonates,
AN, and DMF as a solvent; o= 12-51 mS cm™!, listed
in Table A3.3). This means that the ionic conductivity
plays a minor role on the graphite electrode reaction in
the TFEP-based electrolyte system; therefore, [ expected
that improving electrode/electrolyte intertace with
adding AN mainly contributes to the electrode reaction.
To it,
measurements for the three-electrode cell using graphite

confirm electro- chemical impedance
test electrode were performed. The results as a form of
Nyquist plot are shown in Fig. 10b. It was clear that the
electrode/electrolyte interfacial resistance (Rino), i.€., the
diameter of the semicircle in the plots, appreciably
decreased with increasing AN content. [ thus concluded
that in the LiFSA/TFEP+AN system, charge-transfer
process at the electrode/ electrolyte interface is key to
the graphite electrode reaction, rather than diffusion
process in the bulk electrolyte.

As mentioned in the Introduction, specific Li-ion
insertion into graphite in the FSA-based IL electrolytes
was reported by Ishikawa et al. as follows:'® 12 (1) in the
Li-ion coordination sphere, the Li*FSA interactions are
significantly weak relative to the Li*TFSA interactions
in the TFSA-based ILs, and therefore, (2) decoordination
(or liberation) of the FSA from the Li-ion coordination
sphere occurs easily, which is a crucial factor in the
insertion of Li-ions. From a structural viewpoint, I
reported a Li-ion coordination structure in the FSA-
based IL.. Based on the Raman spectroscopy and HEXTS
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Figure 3.10 (a) Ionic conductivities (red, left axis) and viscosities
(blue, right axis) for the 1.0 mol dm™ LiFSA/TFEP + AN solutions
with varying AN concentration (can). (b) Nyquist plots for the three-

electrode cells using graphite test electrode at open circuit potential.

study with the aid of theoretical calculations [DFT
calculations and MD simulations],?” I proposed that in
LiFSA/[ComIm][FSA] electrolytes, Li ions favor mono-
FSA over bi-FSA in the first coordination sphere,
affording [Li(mono-FSA),(bi-FSA);] complexes as an
average structure, and then the mono-FSA anions can
easily decoordinate at the interaction energy rather than
forming the corresponding bi-TFSA anions. These
characteristics of the FSA anion as a ligand could be
applied to the current LiFSA/TFEP+AN electrolyte
system. Based on the vibrational spectroscopy and
combined HEXTS experiments with MD simulations, [
demonstrated herein that the FSA anion coordinated to
the Li ion as “‘bi-FSA’’ in the LiFSA/TFEP electrolyte
(without AN); however, the bound bi-FSA gradually
changed its coordination structure to ‘‘mono-FSA™’
when AN was added to the TFEP electrolytes. I therefore
concluded that controlled FSA coordination, i.e.,
designing weak Li-ion'mono-FSA interactions, is an
approach to enabling Li-ion insertion/deinsertion in the
graphite
(desolvation) at the electrode/electrolyte interface. This

anode, contributing to decoordination
may control (1) the double-layer structure at the graphite
interface during charging and (2) the rate-limiting step
in the charge-transfer reaction,?® in addition to the FSA-

based SEI on the anode.
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3.4 Conclusions

1 performed research based on vibrational spectroscopy
to characterize Li-ion complex structures in TFEP-based
electrolyte solutions containing a LiFSA salt for LIBs.
Based on quantitative data analysis of the observed
IR/Raman spectra and HEXTS, I demonstrated that (1)
[Li(TFEP),(bi-FSA)] complexes are formed as a major
species in a binary LiFSA/TFEP system and (2) in
LiFSA/TFEP containing AN, the coordinated bi-FSA
changes its coordination mode to ‘‘mono-FSA™ by
solvating AN molecules to the Li ions. This change in
the triggers the Li-ion
insertion/deinsertion in the graphite anode, although no
reaction occurs in LiFSA/TFEP without AN. I therefore
propose that designing a Li-ion complex with a

coordination  structure

controlled coordination structure is important in

developing a carbonate-free LIB electrolyte system.
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3.6 Appendix

Modified partial charges (MD simulation).

In our previous study (LiTFSA/TFEP and LiTFSA/AN systems),? we examined to modify partial charges (¢ and ¢~
original values are shown in Figure A3.1) by weighting a factor (f), resulting in a successful agreement of experimental
and simulation-derived radial distribution functions [G®P(r) and GMP(r), respectivily]. The optimum value, = 0.6 (i.e.,
60% of the original ¢" and ¢~) for the TFEP and Li-TFSA ion-pair and /= 1.0 for the AN. In this work (LiFSA/TFEP
and LiFSA/TFEP+AN systems), I thus used (1) /= 0.6 for the TFEP and Li-FSA and (2) /= 1.0 for the AN in the
current MD simulations.The GMP(r) using the f7* and g~ in Coulombic term successfully reproduced the corresponding
experimental G**P(r), as shown in Fig. 7.

Estimation of c; rsa and cy,_psa values.

I measured separately IR spectra of [ComIm][FSA]/TFEP system (without LiFSA salt) with ccommrsa = 0, 0.5, and
1.0 mol dm™ (Figure A3.2a). The peak (from 700 to 780 cm™., S-N-S symmetric stretching mode of the FSA
component) increased in intensity with ccommrsa, Which could be assigned to the free FSA. The observed spectra were
represented using two free FSA bands (typical result for ccommrsa = 1.0 mol dm™, Figure A3.2b), which is consistent
with the current LiIFSA/TFEP system described in the manuscript. The integrated intensities of the two free FSA bands,
Iy gsa (= Ir4s + Isg) were plotted against crsa (Sccommrsa) (Figure A3.2¢) and the slope corresponds to the & rsa value
according to the following relation: J; psa = &r Fsa ¢t Fsa-

The &, rsa value was also estimated based on the following relations: I, rsa = &b Fsa b Fsa and ¢y Fsa = #psa Cri.
Consequently, the ratio of molar absorption coefficients (sr rsa/es rsa) was determined to be 1.72. Appling the & rsa
value to the LIFSA/TFEP system, I can estimate ¢t rsa value (= I rsa/er rsa) and ¢y rsa (=CT Fsa — Ct Fsa)-

Estimation of J; sx value.

To determine J; ax value, I measured separately Raman spectra of TFEP+AN mixed solution (without LiFSA salt)
with can = 0, 1.0, and 2.0 mol dm™ (Figure A3.4a). The peak (2265 cm™', N=C symmetric stretching mode of AN)
increased linearly in intensity with can, which could be assigned to the free AN owing to very weak intermolecular
interactions between TFEP and AN. The observed spectra were represented using two free AN bands (typical result
for can = 2.0 mol dm™3, Figure A3.4b), which is consistent with the current LIFSA/TFEP+AN system described in the
manuscript. The integrated intensities of the two free AN bands, /r an (= Ie1 + Ia26s) Were plotted against can (Figure
A3.4¢) and the slope corresponds to the Jr an value according to the following relation: Jr an = Jr ancr an.

The J, an value was also estimated based on the following relations: /, an = Jy an ¢ an and ¢, AN = AN CLi.
Consequently, the ratio of Raman scattering coefficients (J; an/Jy_an) was determined to be 0.57.
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Table A3.1 Molar ratio (salt:solvent), concentrations of LiFSA salt (cLi), TFEP (crrep), and AN (can). density (d),
refractive index (7,) for binary LiFSA/TFEP and ternary LiFSA/TFEP+AN solutions.

binary LiFSA/TFEP system
LiFSA : TFEP cvi / mol dm™ creep / mol dm™ d/gem™ n

- 0 4.60 1.450 1.329
1:22.7 0.20 4.53 1.596 1.329
1:11.2 0.40 4.46 1.611 1.329
1:7.32 0.60 4.39 1.625 1.329
1:538 0.80 4.30 1.633 1.332
1:4.24 1.00 4.24 1.648 1.332

ternary LiFSA/TFEP+AN system

LiFSA :
cri /mol dm™  cyppp /mol dm™ can /mol dm™ d/gem™ n
TFEP:AN
1:3.96:1.02 1.00 3.96 1.02 1.599 1.334
1:3.70:2.04 1.00 3.70 2.04 1.552 1.336

Table A3.2 ¢, can, d and compositions (number of ion-pairs and solvents) for the MD simulations (1.0 mol dm™
LiFSA/TFEP solutions with AN, Li:AN (by mol.) = 1:0 and 1:2).

d/gcm?
cri / mol dm™ can / mol dm™ Li-FSA TFEP AN
Exp.? MDb
1.0 - 1.648 1.678 133 567 -
1.0 2.0 1.552 1.578 145 538 317

2Value obtained from the present MD simulations. ® Experimental values.

Table A3.3 Tonic conductivities of c; = 1.0 mol dm™ solutions at 298K.

Sample o /mS-cm™ (at 298K)

LiTFSA/EC+DMC 3% ¢ 51.0

LiTFSA/AN *! 38.0 (at 303K)
LiTFSA/H,O ¢ 36.8
LiTFSA/DMF 326 15.1
LiPFs/EC+DMC 30-¢ 12.1
LiFSA/TFEP (Li:AN = 1:0) 1.1
LiFSA/TFEP (Li:AN = 1:1) 1.6
LiFSA/TFEP (Li:AN = 1:2) 3.5
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Figure A3.1 The original partial charge values of (a) TFEP, (b) AN,*® and (c) LiFSA**%. The values of TFEP were
calculated based on ChelpG method (MP2/cc-pVTZ(-f) calculation).?
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Figure A3.2 (a) FT-IR spectra for the TFEP solution with varying ccommrsa, (b) A curve-fitting result for the ccomimrsa

= 1.0 mol dm~ solution, and (¢) The integrated intensities of the two free FSA bands,  rsa (= I74s + I755) plotted against

FSA concentration (crsa).
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Figure A3.3 Curve fitting results of the IR spectra observed for the 1.0 mol dm™ LiFSA/TFEP solutions with added
AN: (2) Li:AN (by mol.) = 1:0, (b) 1:1, and (¢) 1:2.
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Figure A3.4 (a) Raman spectra for the TFEP+AN mixed solutions (without LiFSA salt) with can =0, 1.0, and 2.0 mol

dm™3, (b) A curve-fitting result for 1.0 mol dm™ LiFSA/TFEP with can= 2.0 mol dm™ and (¢) The integrated intensities

of the two free AN bands, /r an (= 261 + I226s) plotted against can.
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Figure A3.5 SP(q) profiles obtained from HEXTS measurements for 2.5 mol dm™ LiFSA/TFEP +AN solutions
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Figure A3.6 Atom-atom pair correlation functions [gMPrix(r): left axis, solid lines] for the O atoms of TFEP (blue),
the O atoms of FSA (black) and the N atoms of AN (red) around the Li-ions and their integrated profiles [coordination
number N(r): right axis, dashed lines] for (a) 1.0 mol dm™ LiFSA/TFEP solution and (b) that with AN (Li:AN = 1:2).
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Chapter 4

Fluorophosphate-Based Nonflammable Concentrated Electrolytes with

a Designed Lithium-Ion-Ordered Structure: Relationship between the

Bulk Electrolyte and Electrode Interface Structures

4.1 Introduction

In our previous work, we have reported both dilute and
concentrated LIB electrolytes using TFEP (main
solvent) and LiTFSA or LiFSA;"* however, limited
electrode reaction (i.e., no to little Li-ion insertion into
the graphite negative electrode) has been observed in
TFEP-based electrolytes. By performing a structural
study based on both experimental and theoretical
techniques, we demonstrated that there was no specific
ionic structure in the concentrated TFEP electrolyte and
that the Li ions exist as a mononuclear complex. This is
due to the solvation steric effect around Li ions arising
from the size of bulky TFEP molecules, which
suppresses specific liquid structure formation based on
multiple ion pair complexes.? In the case of smaller
organic solvents (e.g., carbonate solvents such as EC and
DMC, AN, dimethyl sulfoxide (DMSO), or N,N-
dimethylformamide (DMF), etc.), multiple ion pairs, i.e.,
the ordered Li-ion complexes bridged through anions,
are evidently formed in all systems, leading to successful
LIB 59 Thus, the
modification of Li-ion complexes in concentrated TFEP

electrode reactions. structural
electrolytes is required to produce nonflammable
organic electrolytes that encourage excellent LIB
performance. Herein, [ propose a method to design the
molecular level features of Li-ion-ordered structures in
concentrated TFEP systems,

producing a small molecular additive in TFEP solutions

electrolyte thereby
to trigger drastic structural changes in Li-ion complexes.
This can lead to nano-scale Li-ion-ordered structure
enhancing LIB performance. I used LiFSA salt and
TFEP solvent to prepare nonflammable concentrated
electrolytes, while AN was used as an additive to modify
the Li-ion complex. The Li-ion structures were
investigated in the bulk electrolyte system via high-
energy X-ray total scattering (HEXTS) aided by
computational techniques. Furthermore, in situ surface-
enhanced infrared absorption spectroscopy (SEIRAS)
was conducted to elucidate the structure of the
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electrode/electrolyte interface and enable a discussion of
the relationship between the bulk electrolyte and
electrode interface structures.

4.2 Experimental

4.2.1 Materials

I prepared ternary LiFSA/TFEP+AN solutions at fixed
cLi = 2.5 mol dm™ and varied the ratio of Li salt to AN
(by mol.), i.e., Li:AN =1:0, 1:1, and 1:2 (termed the 1:0,
1:1, and 1:2 solutions). The 1:0 solution corresponds to
the binary LiFSA/TFEP solution. Sample electrolyte
solutions were prepared by weighing the solvent and Li
salt to the required molar ratio (Li salt:solvent) in an Ar-
filled glovebox; the corresponding molarities (Li salt
concentration, cri) were then calculated using the
solution density (g cm™) are listed in Table A4.1 (in
Appendix). For all solutions examined, we
demonstrated “nonflammability” upon adding AN (a
flammable solvent) to TFEP (Figure A4.1). The
composition (i.e., number of LiFSA salts and solvent
molecules) of the MD simulation box is listed in Table
A4.2. The resulting density values were in good
agreement with the corresponding experimental density
values. Flame tests were conducted by using a glass filter
soaked with each electrolyte close to gas burner flame in
a draft chamber.

4.3 Results and Discussion

4.3.1 Electrochemical properties

Figure A4.2 shows the electrochemical windows
obtained from LSV measurements for 2.5 mol dm™
LiFSA/TFEP+AN solutions (Li:AN = 1:0, 1:1, and 1:2).
In all examined solutions, almost no current was present
between —0.2 and 5.3 V (vs. Li/Li"). Slight reductive
currents were observed in the range of 0.1—1.0 V for the
1:1 and 1:2 solutions, which could be ascribed to the
reductive decomposition of free AN in the bulk. These
details are discussed based on Raman spectral data in an
Appendix (Figure A4.3). Figures 4.1a, b, and ¢ show



the cyclic voltammograms (CVs) for the graphite
electrode in the Li:AN = 1:0 (without AN), 1:1, and 1:2
solutions, respectively. In the binary LiFSA/TFEP
solution (1:0), no significant redox current was observed
in the range of 0-2.5V, indicating limited reactive
insertion/deinsertion of containing AN as a result of the
decomposition of their FSA component (discussed in
detail in a later section). This resulted in further
suppressed electrolyte decomposition during subsequent
cycles. The reactivity of the graphite electrode strongly
depended on AN content, i.¢., larger and sharper currents
were found in the CV profile for the 1:2 solution than in
those of the 1:1 solution. Furthermore, in the 1:2 solution,
the observed redox peaks in the range of 0-0.5 V were
split into several peaks, which is characteristic of the
sequential formation of multi-stage structures of Li—
graphite intercalation compounds (Li—GIC).!*! We
concluded that the Li:AN = 1:2 solution provides the
the LiFSA/TFEP+AN
electrolyte examined herein; thus, we performed a
charge—discharge test for the 1:2 solution. Figure 1d
shows the charge—discharge curves obtained using a
graphite/Li half-cell containing the Li:AN = 1:2 solution.
Several voltage plateaus appeared across the range of
0.05—0.25 V, which corresponds to the formation of Li—
GIC."! The discharge capacity during the first cycle
(~370 mAh g!') was comparable to the theoretical
capacity of fully lithiated LiCe (~372 mAh g™1).1%13
Capacity degradation gradually occurred up to the tenth

optimal composition in

cycle and was more significant in subsequent cycles
(Figure 4.1¢; red, left axis). This degradation may have

originated from the reductive decomposition of tree AN
molecules in the 1:2 solution. Indeed, based on Raman
spectra, the concentration of free AN (C=N stretching
mode, cr an) in the solution was estimated to be ¢t an =
1.1 mol dm™3 (22% of the total AN concentration). The
detailed procedure is described in an Appendix (Figure
A4.3). The coulomb efficiency remained approximately
98.0% unchanged over all cycles examined (Figure
4.1e; blue, right axis), with the exception of the first
cycle which was influenced by irreversible reduction
from SEI formation.

Tonic conductivity (o) increased upon the addition of
AN to the concentrated LiFSA/TFEP electrolyte, as
shown in Figure A4.4; however, the absolute ¢ value
was one order of magnitude lower than that of
conventional carbonate-based organic electrolytes.'*!”
Thus, we suggest that ion-conducting properties are
responsible for only a minor contribution to the graphite
electrode reaction in this system, i.e., by adding AN, a
substantial improvement in the electrode/electrolyte
Indeed,
interface resistance gradually decreased with increasing

interface may occur. electrode/electrolyte
AN content according to electrochemical impedance
measurements for the three-clectrode cell using a
graphite electrode (Nyquist plot, Figure A4.5). This
implies that the graphite electrode reaction undergoes
transfer the
electrode/electrolyte interface, rather than diffusion

charge processes  primarily  at
processes in the bulk electrolyte. Based on these results,
we suggest that improvements in the graphite electrode

reaction when adding AN are related to changes of the
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Figure 4.1 CV profiles for graphite electrodes in concentrated LiFSA/TFEP+AN solutions (Li:AN = (a) 1:0, (b) 1:1, and (c) 1.2 (scan rate: 0.2 mV
s7h). (d) Charge—discharge curves for the graphite electrode in the concentrated LiIFSA/TFEP+AN solution with Li: AN = 1:2 at a 0.1 C rate. () Cycling

performance (red, left axis) and coulomb efficiency (blue, right axis) of the same solution.
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specific solution structure in concentrated TFEP-based
electrolytes, resulting in a modified electrode/electrolyte
interface. Consequently, we performed a structural study
based on combined HEXTS experiments with all-atom
MD simulations.

4.3.2 Bulk electrolyte structures

Figure 4.2 shows typical results for the X-ray structure
factor, S(g), and the X-ray radial distribution function,
G(r) (shown in its r-weighted difference form, r2[G(r) —
1]), obtained from HEXTS experiments and MD
simulations for the 2.5 mol dm™ LiFSA/TFEP+AN
solution with Li:AN = 1:2. The S(g) and G(r) values
obtained for the binary LiFSA/TFEP solution (Li:AN =
1:0) are shown in Figures A4.6a and b. Here, we
examined to measure Raman and attenuated total
reflection infrared (ATR-IR) spectra the
LiFSA/TFEP solutions. However, no cr; dependence of
the Raman band [O-P-O asymmetric stretching mode of
TFEP'7] was observed (see Figure A4.7). This indicated
that Raman spectra were not suitable to investigate the
TFEP-based solutions. This is because the Raman bands
of TFEP are less sensitive to Li ion solvation, i.e., no

for

observation of the peak shift originating from *“free
TFEP” to “bound TFEP”. We further tried to obtain
experimental support and measure the IR spectra since
we successfully determined the Li- ion complex

O HEXTS
— MD

— Li:AN=1:2

intra TFEP

------ intra FSA
intra AN

PIG™ i ()]

5
r/A

structure by IR technique in our previous work (dilute
system, cp; <1.0 mol dm™3). However, the IR spectra
originating from the TFEP (860-930 cm™) turned out to
be overlapped with many bands.!” Furthermore,
increasing c1; made the spectra broader and more
complicated, making it unable to analyze using a
conventional peak-deconvolution based on a least-
squares fitting in the concentrated system. It is thus
difficult to determine the Li ion complex structure via
Raman and IR investigations. The MD-derived
theoretical SMP(q) accurately reproduced the HEXTS-
derived experimental S*P(¢) (Figure 4.2a). A good
agreement in the GMP(r) and GP(r) values was also
confirmed (Figure 4.2b), suggesting that the parameters
used in the MD simulations examined herein were valid,

enabling us to analyze the solution structure at the
molecular level based on simulation data. To discuss the
detailed coordination structure of Li-ion complexes, we
separated the total GMP(r) into its intramolecular and the
intermolecular components, i.e., GMP (7)) = GMPipea(r?)
+ GMPyier(). The resulting GMPyy(r) and GMPyye (1) for
the Li:AN = 1:2 system are shown in Figures 4.2¢ and
d, respectively, and those for the Li:AN = 1:0 system are
shown in Figures A4.6¢ and d. GMPjy.(r) comprises
several intermolecular interactions involving the Li'*—
solvent, Li'=FSA~, Li*—Li", solvent-FSA~, FSA™—FSA~,
and solvent—solvent correlations. Here, we focus on Li-
ion coordination. We extracted the atom—atom pair

O HEXTS

5k
0 5 10 15 20
r/A
6-(d)
o3k
S
o
a
s
O a3
“x
L P R
0 10 15
riA

Figure 4.2 (a) X-ray structure factor, S(¢), and (b) X-ray radial distribution function in the /*[G(r) — 1] form obtained from HEXTS experiments
(open circles) and MD simulations (solid lines) for the concentrated LiFSA/TFEP+AN solution (Li:AN = 1:2). Partial GMP(r)s for the (c)

intramolecular and (d) intermolecular contributions.
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correlation functions, g¥Px.y(r), for the Li*—Opgep, Li*—
Ors, and Li*—N,, correlations for the Li*~TFEP, Li*—
FSA-, and Li*—AN interactions, respectively, from the
total GMPiye(r). The resulting gMPri—orep(r), g¥PLi—0fsa(),
and gMP1;i_nan(7) values are shown in Figures 4.3a and
b, together with the average coordination number, Nx-
v(r), calculated by
corresponding gMPx.yv(7) up to a given value of . In the
binary LiFSA/TFEP solution (Li:AN = 1:0, Figure 4.3a),
a major peak appeared at approximately 1.9 A for both
SPLioep(r) and gMPrioga(r). This was attributed to
nearest neighbor Li*—TFEP and Li—FSA interactions
via O atoms in the first coordination sphere of the Li-ion.

which was integrating the

The corresponding NMpi-o(r) values for the Li*—Oyep and
Li"™—O¢, interactions were estimated to be ~1.5 and ~3.0
(the plateau in Nxy(r) at approximately r ~ 2.5 A),
respectively. However, no peak was observed during the
Li*Fi, and Li*—Fg, interactions (g¥Pripwep(r) and
gMDLi,Ffsa(/‘) in Figures A4.8a and b, respectively). This
indicates that Li ions are coordinated with four or five O
atoms, including one or two monodentate-coordinated
TFEP and one or two bidentate-coordinated FSA, to
form tetrahedral-type and/or specific five-coordinated
Li-ion complexes with no F coordination as an averaged
structure. A possible Li-ion complex is shown in Figure
4.3c (typical snapshot confirmed in the MD simulation
box). As shown in this snapshot, Li ions are coordinated

(@) 80— 5
Li:AN= 1.0 ;

->

0,30

X Oy (1.5)

with two TFEP molecules and one FSA anion (bidentate
formed by two O atoms) to form a mononuclear
[Li(TFEP)(FSA)1]
complex in the corresponding dilute system (1.0 mol

complex similar to the Li-ion

dm™3 LiFSA/TFEP), as reported in our previous study.'
We thus conclude that it is difficult for Li ions to form
an ionic-ordered structure based on multiple Li-ion
complexes (or Li-ion aggregates) in the concentrated
LiFSA/TFEP system; this differs from several
concentrated electrolyte systems using conventional
solvents.!32! Such unusual behavior is attributed to a
“solvation steric effect” originating from the molecular
size of TFEP;? i.e., steric repulsion between solvated
TFEP molecules occurs within the solvation sphere of
the Li-ion, preventing the formation of a packed
multinuclear Li-ion complex. In the ternary
LiFSA/TFEP+AN solution (Li:AN = 1:2, Figure 4.3b),
the Nii-otep(r) decreased from 1.5 to 0.3 when a small-
sized molecule, AN, was added to the LiFSA/TFEP
solution. A major peak originating from Li*—N (AN)
interactions appeared at approximately 1.9 A to yield a
MiNan(r) of 2.0. This suggests that the preferential
solvation of Li ions with AN, rather than TFEP, occurred
despite their similar Gutmann donor number (Dy),
which is 14.1 in AN and 12.9 in TFEP.2? Thus, most of
the solvated TFEP molecules surrounding the Li-ion
were desolvated and replaced with AN molecules to

Li:AN=1:2

(b) 50 775

Figure 4.3 Atom—atom pair correlation functions [g¥Prix(r): left axis, solid lines] for O atoms of TFEP (green), O atoms of FSA (blue), and N atoms

of AN (red) around Li ions, together with their integrated profiles (coordination number N(r): right axis, dashed lines) for concentrated

LiFSA/TFEP+AN solutions with Li:AN = (a) 1:0 and (b) 1:2. Typical snapshots confirmed in the MD simulation box for (¢) 1:0 and (d) 1:2; pink:

Li*, blue: FSA-, green: TFEP, and red: AN.
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solvated TFEP
molecules in Li-ion complexes. A similar decrease in

reduce steric repulsion between
N(r) was also found in Mi.om(r); however, the
coordinated FSA remained at Mi-ofsa(7) = 1.6 in the 1:2
solution, i.e., approximately half of the value for the 1:0
system (3.0). This can be explained by the ordering of Li
ions via FSA and AN coordination to form packed
multinuclear Li-ion complexes, as shown in Figure 4.3d.
The multinuclear Li-ion complexes can be confirmed in
the gMPriyi(r) corresponding to Li*-Li* correlations
(Figure A4.9). In the Li:AN = 1:2 system, multiple sharp
peaks appeared in the gMPri1i(r) over relatively long
distance (~20 A); a clear peak was found at 3.4 A
(closest Li-Li correlation) and subsequent peaks
continued at 6.33, 8.18, 11.1, and 16.8 A. This strongly
suggests that continuous Li ion-ordered structure is
formed in the solution. The resulting ionic-ordered
complex has a similar structure to that formed in
concentrated binary LiTFSA/AN with

excellent LIB performance.> 3 Thus, we propose that (1)

solutions

the formation of ionic-ordered structures is key to
enabling LIB electrode reactions, and (2) the size of the
solvent molecule (i.e., solvent bulkiness) is one of the
most important factors for controlling this ordered
structure in a concentrated electrolyte system.

To discuss the reductive/oxidative stability of the
concentrated LiFSA/TFEP+AN solutions (Li:AN = 1:0
and 1:2), we performed DFT calculations on several Li*-
FSA™ complexes to evaluate their LUMO and HOMO
energies. The Li*-FSA™ complexes examined
(complexes 2-5 in Figure 4.4) were units of
multinuclear Li-ion complexes as confirmed in the MD
simulation box. Figure 4.4 shows the difference
between the LUMO energies of Li-FSA complexes (2—
5) and isolated FSA (1), i.e., AELumo = ELuMO_complex —
Erumo isorsa. The geometries of complexes 2 and 3-5
were chosen from MD snapshots of the Li:AN =1:0 and
1:2 solutions, respectively, following optimization of
their geometries via DFT calculations. The geometry of
1 originated from the geometrical optimization of the

= LUMO
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Figure 4.4 AELumo values for the Li*—FSA~ complexes calculated

using DFT calculations.
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isolated FSA form.2?2 AELuymo significantly decreased
with increasing numbers of Li ions (n;) coordinated
around a central FSA: 2 (n.i=1) >3, 4,5 (m; = 2),
suggesting that the LUMO energy levels of FSA were
further stabilized by the formation of multinuclear
complexes (or aggregates) with larger values of 7. The
AELumo values for 3—5 (found for the Li:AN = 1:2
solution) are appreciably lower than those of the Li*-
(i.e., Li*-TFEP and Li*-AN
complexes), as shown in Figure A4.10. These lower

solvent complexes
LUMO values result in the preferential reductive
decomposition of FSA anions, rather than solvent
components (TFEP and AN), during the charging
process. Indeed, in the CV profiles of the
LiFSA/TFEP+AN system (Figure 4.1b and c¢), we
observed a small reductive current at approximately
1.0 V during the first cycle, which can be assigned to
FSA decomposition and the consequent formation of
FSA-based SEI on the graphite electrode. In contrast, the
AErumo value for complex 2 (for the binary
LiFSA/TFEP solution) was similar to that of Li*-solvent
complexes, implying no preferential decomposition of
the FSA component and no SEI formation in the binary
solution (Figure 4.1a). A similar trend was found for
HOMO energy levels (Figure A4.11), i.e., AEnomo
decreased with increasing s, resulting in wider
experimental oxidative stability (Figure A4.2, ~5.5 V)
in the concentrated LiFSA/TFEP+AN solution. Thus,
we conclude that the formation of ionic-ordered
complexes, i.e., ionic aggregates including several Li
and FSA ions, plays a crucial role in the electrode
reaction. In this study, this is reflected by the Li-ion
insertion/deinsertion reaction on the graphite electrode.

4.3.3 Electrode/electrolyte interfuce structures

Finally, we performed in situ SEIRAS to discuss the
relationships between ionic-ordered structures in the
bulk electrolyte and at the electrode/electrolyte interface.
In situ SEIRAS revealed that the Li-ion complex
structure in the bulk electrolyte dictates the reaction at
the the
formation of SEI via the reductive decomposition of

electrode/electrolyte  interface, including
electrolyte components. Figures 4.5a and b show
typical SEIRA spectra obtained during LSV in the
potential range of 3.0-0.5 V vs. Li/Li*, obtained from
the concentrated LiFSA/TFEP+AN solutions with
Li:AN = 1:0 and 1:2. The corresponding LSV profiles
are shown in Figure 4.5¢c. The SEIRAS spectra shown
herein correspond to the difference spectra obtained by
subtracting the reference spectrum at 3.0 V from that
measured at a given potential (F).
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Figure 4.5 Typical in situ SEIRAS obtained during linear sweep voltammetry (LSV) in a potential I range of 3.0 V to 0.5 V in the concentrated
LiFSA/TFEP+AN solutions with (a) Li:AN = 1:0 and (b) 1:2., together with (c) the corresponding LSV profiles (scan rate: 0.2 mV s7}).

In the Li:AN = 1:0 solution (LiFSA/TFEP without
AN), a small peak was observed at 1426 cm™ when £
was decreased, the intensity of which remained
unchanged down to a potential of around 0.5 V. This
peak can be assigned to a partially decomposed TFEP
component in the vicinity of the electrode for the reason
that our ATR-IR spectra for the bulk LiFSA/TFEP
electrolyte and neat TFEP (Figure A4.12a) showed a

sharp IR peak at 1424 cm™!, assigned to TFEP molecules.

The 1599 cm™ peak showed similar potential-
dependence to the 1426 cm™ peak. We thus tentatively
assign the 1599 1 peak to the reductive
decomposition product of TFEP, since no corresponding
peak was observed in the ATR-IR spectra of the bulk
components (Figure Ad4.12a). The small reductive
current observed from 2.0 to 0 V in the LSV of the
Li:AN = 1:0 solution (Figure A4.12¢, black line) further
supports the reductive decomposition of TFEP. At

cm

potentials below ~1.2 V., a small peak appeared at 1752
cm™!, which is attributed to the FSA anion according to
the ATR-IR spectra for the bulk system (Figure A4.12;
LiFSA/TFEP+AN and FSA-based ionic liquid). This
observation indicates the approach of the FSA anion to
the electrode/electrolyte interface below ~1.2 V. We
note the clear blueshift of the peak to 1842 cm™ at £ =
1.0 V and the increase in peak intensity when £ is further
lowered to 0.5 V. This observation may also indicate the
reductive decomposition of FSA anions at the electrode
surface.

In the Li:AN = 1:2 solution (LiFSA/TFEP+AN,
Figure 4.5b). we found no peak from TFEP molecules
around 1426 and 1599 cm™! throughout the potential
range examined, which is notably different from the
Li:AN = 1:0 solution. This strongly suggests that no
TFEP  molecules are the

present near
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electrode/electrolyte interface in the Li:AN = 1:2 system.
Based on HEXTS and MD results, Li ions form ordered
Li-ion complexes composed of both FSA and AN in the
concentrated LiFSA/TFEP+AN solution; in other words,
the complexes include very few TFEP molecules in their
coordination sphere following the addition of AN. This
result indicates a strong relationship between the
electrode/electrolyte interface structure and Li-ion
complex structures in the bulk electrolyte. The small
peak appearing at 2019 cm™! at 2.0 V can be attributed
to the C=N stretching vibration of AN (see Figure
A4.12); this remained until ~1.5 V. Its peak wavenumber
gradually redshifted to 1973 cm™ when the potential
was decreased from 1.5 V to 1.0 V, suggesting the
decomposition of AN. A reductive current was identified
in LSV within the potential range of 2.0-1.0 V (Figure
4.5c¢, red line); we thus assign the 1973 cm™ peak to the
decomposition products of AN, such as H,C=C=NH,?
which form at the electrode surface.

A small peak around 1759 cm™" appeared at 1.3 V, and
split into two peaks (1759 cm™ and 1868 ¢cm™) as the
potential decreased to 1.0 V. This observation was
similar to that of the Li:AN = 1:0 solution (Figure 4.5a),
suggesting that a similar reductive decomposition of
FSA anions occurred in the Li:AN = 1:2 solution. A
notable difference was observed at potentials below 1.0
V., where a sharp peak appeared at 1868 cm™ in the AN-
contained system. We assign this peak, at 1868 cm™, to
further decomposed FSA products, which can only form
in the presence of AN. As discussed above, a similar
reductive current is seen in this £ range (1.0-0.5 V) for
the CV profile shown in Figure 4.1¢, which is due to the
decomposition of the FSA component in the electrolytes,
i.e., FSA-derived SEI formation. A similar reduction
was noted in LSV (1.0-0.5 V; Figure 4.5¢, red line);



hence, we conclude that the 1759 cm™ peak corresponds
to the pre-decomposition product of FSA formed on the
electrode, whereas the 1868 cm™ peak (1.0-0.5 V)
reflect FSA after further decomposition, resulting in a
stable FSA-derived SEI.

4.4 Conclusions

We designed a Li-ion-ordered structure in
nonflammable concentrated electrolytes in order to
facilitate the LIB electrode reaction. By adding a small
molecular additive (AN) into the concentrated LiFSA
electrolytes using a large-molecule TFEP solvent, the
electrode reaction drastically improved, exhibiting
reversible charge/discharge behavior. Based
combined HEXTS experiments using all-atom MD

simulations, we demonstrated a structural change from a

on

mononuclear Li-ion complex structure (without AN) to
a Li-ion-ordered structure linked via FSA anions as a
function of the addition of AN. The formation of this
ordered structure reduced the LUMO energy of FSA,
resulting in FSA-derived stable SEI formation at the
negative graphite electrode. In situ SEIRAS spectra
demonstrated that (1) the electrode/electrolyte interface
structure in the binary LiIFSA/TFEP system significantly
changed with the addition of AN, and (2) the interface
environment reflects the Li-ion complex structure in the
bulk phase. Furthermore, we confirmed changes in the
reductive decomposition of the electrolyte; FSA anions
decomposed in two steps in AN-contained systems,
whereas only the first step was observed in the situation
without AN. This change can be attributed to differences
in the preceding electrode reaction, including the
decomposition of TFEP, derived from the change in the
Li-ion complex structure in the bulk phase following the
addition of AN.

4.5 References

(1) Sawayama, S.; Todorov, Y. M.; Mimura, H.; Morita,
M. K. Fluorinated alkyl-phosphate-based
electrolytes with controlled lithium-ion coordination
structure. Phys. Chem. Chem. Phys. 2019, 21, 11435-
11443.

(2) Sogawa, M.; Sawayama, S.; Han, J.; Satou, C.; Ohara,
K.; Matsugami, M.; Mimura, H.; Morita, M.; Fujii, K.
Role of Solvent Size in Ordered Ionic Structure
Formation in Concentrated Electrolytes for Lithium-Ion
Batteries. J. Phys. Chem. C 2019, 123, 8699-8708.

(3) Sogawa, M.; Todorov, Y. M.; Hirayama, D.; Mimura,
H.; Yoshimoto, N.; Morita, M.; Fujii, K. Role of Solvent
Bulkiness on Lithium-Ion Solvation in Fluorinated
Alkyl Phosphate-Based Electrolytes: Structural Study

;. Fujii,

38

for Designing Nonflammable Lithium-Ion Batteries. J.
Phys. Chem. C 2017, 121, 19112-19119.

(4) Todorov, Y. M.; Aoki, M.; Mimura, H.; Fujii, K.;
Yoshimoto, N.; Morita, M. Thermal and electrochemical
properties
containing fluorinated alkylphosphates for lithium-ion
batteries. J. Power Sources 2016, 332, 322-329.

(5) Fujii, K.; Wakamatsu, H.; Todorov, Y.; Yoshimoto,
N.; Morita, M. Structural and Electrochemical
Properties of Li Ton Solvation Complexes in the Salt-

of nonflammable electrolyte solutions

Concentrated Electrolytes Using an Aprotic Donor
Solvent, N,N-Dimethylformamide. J. Phys. Chem. C
2016, 120, 17196-17204.

(6) McOwen, D. W.; Seo, D. M.; Borodin, O.; Vatamanu,
J; Boyle, P. D.; Henderson, W. A. Concentrated
electrolytes: decrypting electrolyte properties and
reassessing Al corrosion mechanisms. Energy Environ.
Sci. 2014, 7, 416-426.

(7) Wang, J.; Yamada, Y.; Sodeyama, K.; Chiang, C. H.;
Y.; Yamada, A.
electrolytes for a high-voltage lithium-ion battery. Nat.
Commun. 2016, 7, 12032-12040.

(8) Yamada, Y.; Furukawa, K.; Sodeyama, K.; Kikuchi,
K.; Yaegashi, M.; Tateyama, Y.; Yamada, A. Unusual
Stability of Acetonitrile-Based Superconcentrated
Electrolytes for Fast-Charging Lithium-ion Batteries. J.
Am. Chem. Soc. 2014, 136, 5039-5046.

(9) Yamada, Y.; Usui, K.; Chiang, C. H.; Kikuchi, K.;
Furukawa, K.; Yamada, A. General observation of
lithium intercalation into graphite in ethylene-carbonate-
free superconcentrated electrolytes. ACS Apppl. Mater.
Interfaces 2014, 6, 10892-10899.

(10) Aurbach, D. Review of selected electrode—solution

Tateyama, Superconcentrated

interactions which determine the performance of Li and
Li ion batteries. J. Power Sources 2000, 89, 206-218.
(11) Aurbach, D.; Zaban, A.; Ein-Eli, Y.; Weissman, 1.
Recent studies on the correlation between surface
chemistry, morphology, three-dimensional structures
and performance of Li and Li-C intercalation anodes in
several important electrolyte systems. J. Power Sources
1997, 68, 91-98.

(12) Dahn, J. R. Phase diagram of LixCs. Phys. Rev. B
1991, 44, 9170-9177.

(13) Ohzuku, T.; Iwakoshi, Y.; Sawai, K. Formation of
Lithium-Graphite
Nonaqueous Electrolytes and Their Application as a
Negative Electrode for a Lithium Ion (Shuttlecock) Cell.
J. Electrochem. Soc. 1993, 140, 2490-2498.

(14) Dahbi, M.; Ghamouss, F.; Tran-Van, F.; Lemordant,
D.; Anouti, M. Comparative study of EC/DMC LiTFSI
and LiPFs electrolytes for electrochemical storage. J.
Power Sources 2011, 196, 9743-9750.

(15) Li, L.; Zhou, S.; Han, H.; Li, H.; Nie, J.; Armand,
M.; Zhou, Z.; Huang, X. Transport and Electrochemical

Intercalation ~ Compounds  in



Properties and Spectral Features of Non- Agqueous
Electrolytes Containing LiFSI in Linear Carbonate
Solvents. J. Electrochem. Soc. 2011, 158, A74-A82.
(16) Takekawa, T.; Kamiguchi, K.; Imai, H.; Hatano, M.
Physicochemical and Electrochemical Properties of the
Organic ~ Solvent  Electrolyte ~ with  Lithium
Bis(fluorosulfony)Imide (LiFSI) As Lithium-lon
Conducting Salt for Lithium-lon Batteries. £CS Trans.
2015, 64, 11-16.

(17)  Uchida, S.; Ishikawa, M.  Lithium
bis(fluorosulfonyl)imide based low ethylene carbonate
content electrolyte with unusual solvation state. J. Power
Sources 2017, 359, 480-486.

(18) Fujii, K.; Matsugami, M.; Ueno, K.; Ohara, K.;
Sogawa, M.; Utsunomiya, T.; Morita, M. Long-Range
Ton-Ordering in Salt-Concentrated Lithium-lon Battery
Electrolytes: A Combined High-Energy X-ray Total
Scattering and Molecular Dynamics Simulation Study. J.
Phys. Chem. C 2017, 121, 22720-22726.

(19) Miyazaki, K.; Takenaka, N.; Watanabe, E.; lizuka,
S.; Yamada, Y.; Tateyama, Y.; Yamada, A. First-
Principles Study on the Peculiar Water Environment in
a Hydrate-Melt Electrolyte. J. Phys. Chem. Lett. 2019,
10, 6301-6305.

(20) Sodeyama, K.; Yamada, Y.; Aikawa, K.; Yamada,
A.; Tateyama, Y. Sacrificial Anion Reduction
Mechanism for Electrochemical Stability Improvement
in Highly Concentrated Li-Salt Electrolyte. J. Phys.
Chem. C 2014, 118, 14091-14097.

(21) Yamada, Y.; Yamada, A. Superconcentrated
Electrolytes to Create New Interfacial Chemistry in
Non-aqueous and Aqueous Rechargeable Batteries.
Chemistry Letters 2017, 46, 1065-1073.

(22) Fujii, K.; Seki, S.; Fukuda, S.; Kanzaki, R.;
Takamuku, T.; Umebayashi, Y.; Ishiguro, S.-i. Anion
Conformation of Low-Viscosity Room-Temperature
Tonic Liquid 1-Ethyl-3-methylimidazolium
Bis(fluorosulfonyl) Imide. J. Phys. Chem. B 2007, 111,
12829-12833.

(23) Tto, F.; Nakanaga, T.; Sugawara, K.-i.; Takeo, H.;
Sugie, M.; Matsumura, C. Observation of the High-
Resolution Infrared Spectrum of the v4 Band of
Ketenimine, CH,CNH. J. Mol. Spectrosc. 1990, 140,
177-184.

39



4.6 Appendix

Table A4.1 Molar ratio (Li salt:solvent), molarities (LiFSA concentration, c1i), and density (d) for binary LiFSA/TFEP

and ternary LiFSA/TFEP+AN solutions.
LiFSA/TFEP system
LiFSA:TFEP cLi / mol dm™ d/goem’
1:1.5 2.50 1.704
LiFSA/TFEP system
LiFSA:TFEP:AN cLi / mol dm™ d/gem™
1:1.1:1.0 2.50 1.530
1:0.9:2.0 2.50 1.484

Table A4.2 Compositions (number of ion-pairs and solvents) and calculated densities (d) for the MD simulations
(concentrated LiFSA/TFEP+AN with Li/AN (by mol.) = 1:0 and 1:2).

d/gcm™
i i- AN
Li:AN Li-FSA TFEP D B,
1:0 304 496 - 1.761 1.704
1:2 338 324 689 1.417 1.484

“Value obtained from the present MD simulations. ? Experimental values.

(b)

d

Figure A4.1 Flame tests of the concentrated LiFSA/TFEP+AN solutions with Li/AN (by mol.) = (a, b) 1:0, (c, d)
1:1, and (e, f) 1:2, before and after exposing to flame.
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Figure A4.2 Electrochemical windows for the concentrated LiFSA/TFEP+AN solutions (Li:AN = 1:0, 1:1, and
1:2) at a scan rate of 5.0 mV s™! (298 K).
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Figure A4.3 (a) Peak deconvolution (free AN: blue, bound AN: red) of the observed Raman spectrum for the
concentrated LiFSA/TFEP+AN solution (Li/AN = 1:2). (b) Raman spectra for the TFEP+AN mixed solutions
(without LiFSA salt) with cany =0, 1.0, and 2.0 mol dm™3 and (c) the typical peak deconvolution for cax = 2.0 mol
dm solution. (d) The integrated intensities of the two free AN bands, I an (= hae1 + l2265) plotted against can.
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Determination of free AN concentration (c;_an): To determine the concentration of free AN (¢ an) in concentrated
electrolytes, we measured Raman spectrum of the 2.5 mol dm™ LiFSA/TFEP+AN (Li/AN = 1:2) and performed a
least-squares curve fitting analysis'>'* (Figure A4.3a). The Raman spectrum were represented mainly by four
components: two bands at 2261.0 and 2265.0 cm™! (blue lines) corresponding to the free AN (C=N stretching mode)
and two bands at 2277.5 and 2285.0 cm™! (red lines) to the AN bound to Li ion (i.e., bound AN).!3-16 Using the integrated
intensities of the two free bands, /s (= f61 + I2265), we could calculate the concentration of the free AN (cr an) based on
the following relation: /r = Jr an ¢r ax, Where Jr an is the Raman scattering coefficient. In this work, the J; an was
determined separately as 0.48 from the additional Raman experiments for the mixed solutions of TFEP and AN, which
is described below. The ¢t an (= an/ J; an (= 0.48)) values were 1.1 mol dm™ and 22% of the total AN concentration.

Determination of J; an value: To determine J; an value, we measured separately Raman spectra of TFEP+AN mixed
solutions (without LiFSA salt) with can = 0, 1.0, and 2.0 mol dm™ (Figure A4.3b). The 2265 cm 2-peak (C=N
stretching) increased linearly in intensity with can, which could be assigned to the free AN owing to very weak
intermolecular interactions between TFEP and AN. The observed spectra were represented using two free AN bands
(typical result for can = 2.0 mol dm™, Figure A4.3¢c). The integrated intensities of the two free AN bands, /r an (= hae
+ baes) were plotted against can (Figure A4.3d)) to be linear relation; then, we determined the Ji an value from the
slope according to the following relation: /r ax = Jr ax ¢t an. The J; ax value was determined to be 0.48.
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Figure A4.4 CV profiles for graphite electrodes in concentrated LiFSA/TFEP+AN solutions (Li:AN = (a) 1:0, (b)
1:1, and (c) 1:2 (scan rate: 0.2 mV s71). (d) Charge—discharge curves for the graphite electrode in the concentrated
LiFSA/TFEP+AN solution with Li:AN = 1:2 at a 0.1 C rate. (¢) Cycling performance (red, left axis) and coulomb
efficiency (blue, right axis) of the same solution.
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Figure A4.5 Nyquist plots for the three-electrode cells using graphite test electrode (at open circuit potential) in
the concentrated LiFSA/TFEP + AN solutions (Li/AN = 1:0, 1:1, and 1:2).
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Figure A4.6 (a) S(g), and (b) X-ray radial distribution function in the #?[G(r) — 1] form obtained from HEXTS
experiments (open circles) and MD simulations (solid lines) for the concentrated LiFSA/TFEP solution (Li:AN =

1:0). Partial GMP(r)s for the (c) intramolecular and (d) intermolecular contributions.
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Figure A4.7 (a) Raman and (b) IR spectra observed for concentrated LiFSA/TFEP solutions with cL.i =0, 1.0, 2.0,
and 2.5 mol dm™.

No c1i dependence of the Raman band [O-P-O asymmetric stretching mode of TFEP] was observed. This indicated
that Raman spectra were not suitable to investigate the TFEP-based solutions. This is because the Raman bands of
TFEP are less sensitive to Li-ion solvation, i.e., no observation of the peak shift originating from “free TFEP” to “bound
TFEP”. We further tried to obtain experimental support and measure the IR spectra since we successfully determined
the Li-ion complex structure by IR technique in our previous work (dilute system, cr; <1.0 mol dm™). However, the IR
spectra originating from the TFEP (860-930 cm™) turned out to be overlapped with many bands. Furthermore,
increasing cr; made the spectra broader and more complicated, making it unable to analyze using a conventional peak-
deconvolution based on a least-squares fitting in the concentrated system. It is thus difticult to determine the Li ion
complex structure via Raman and IR investigations.
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Figure A4.8 Atom-atom pair correlation functions [g™Pri.r(r), solid lines] for the F atoms of TFEP (black) and the
F atoms of FSA (blue) around the Li ions for the concentrated LiFSA/TFEP+AN solutions with (a) Li/AN = 1:0
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Figure A4.9 Atom-atom pair correlation functions between Li ions, r?[¢MPriri(r) — 1] for the concentrated
LiFSA/TFEP+AN solution with LVAN = 1:2.
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Figure A4.10 AF umo values for the Li'—=FSA™ complexes calculated using DFT calculations.
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Figure A4.11 AEnomo values for the Li—FSA™ complexes calculated using DFT calculations.
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Figure A4.12 Typical in situ SEIRAS obtained during linear sweep voltammetry (LSV) in a potential £ range
of 3.0 V to 0.5 Vin the concentrated LiFSA/TFEP+AN solutions with (a) Li:AN = 1:0 and (b) 1:2., together
with (c) the corresponding LSV profiles (scan rate: 0.2 mV s™%).
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Chapter 5

2,2,2-Trifluoroethyl Acetate as an Electrolyte Solvent for Lithium-Ion

Batteries: Effect of Weak Solvation on Electrochemical and Structural

Characteristics

5.1 Introduction

Ion—solvent interaction (i.e., solvation) directly affects
the solubility and dissociativity of salts in solution to
control the ion transport and electrochemical properties
of energy storage devices, such as LIBs. In general,
solvent properties, such as permittivity, viscosity, and
hydrophobicity/hydrophilicity, are usetul for designing
the conductivity of electrolyte
Particularly, the Gutmann donor number (Dy), which
corresponds to the electron-pair donating ability to metal

ions, and the Gutmann acceptor number (4n), which
1-3

ionic solutions.

indicates affinity to anions,'” play a key role in
electrolyte design for battery applications. Solvents with
higher Dy values lead to full ion dissociation to yield
successtully solvated metal ions and counter-anions,
whereas solvents with lower Dy values cause ions to
form contact ion-pairs due to low solvation power,
ionic conductivity and battery
performance. Furthermore, I pointed out in Chapters 3

resulting in poor
and 4 that solvent bulkiness (molecular size of the
solvent) is an important factor in controlling ion
solvation; specifically, a bulky solvent tends to reduce
the solvation number of the metal ion to induce ion-pair
formation in the electrolyte solution.*®

In conventional LIB systems, carbonate-based organic
solvents are necessary to achieve stable and reversible
working LIBs with a graphite negative electrode, as
mentioned in Introduction.”!® This is because the
carbonate components (particularly, EC) form a SEI via
their reductive decomposition during the first charging
process, allowing reversible Li-ion insertion into the
graphite and  suppressing  further
decomposition of the electrolytes.'!"'* SEI formation on

electrode

negative electrodes is also compassable in other organic
solvents and ionic liquids when a small amount of EC or
vinylene carbonate is added into their electrolyte
solutions.">"1¢ In this case, the EC component with low
content acts as an SEI additive; in contrast, Li ions are
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solvated primarily by main solvents (organic solvents or
ionic liquids) to form solvated Li-ion complexes in the
bulk. In solvents yielding weak solvation (i.e., lower Dy
value), Li-X ion pairs (X: counter-anion) are formed,
which reduce the ionic conductivity. In contrast,
desolvation of Li ions at the electrode/electrolyte
interface, which has been proposed as a rate-controlling
process of charge transfer of the graphite insertion
reaction,'!? easily occurs. The reverse may occur in
higher-Dy solvents exhibiting strong Li-ion solvation.
In this work, among fluorinated solvents, 2.2,2-
trifluoroethyl acetate (TFEAc), which has the small
molecular size (147.5 A3) relative to the TFEP solvent
(Chapter 3 and 4), and weak coordination power was
selected as a main solvent to investigate the effects of
these solvent properties on ion solvation and electrode
reaction characteristics. Doi et al. reported that the
highly concentrated electrolytes using TFEAc exhibited
superior charge/discharge performance for a certain
positive electrode (i.e., LiNigsCoq1Mng10,) for LIBs.2°
In this work, T demonstrated that the TFEAc-based
electrolyte solutions containing Li salts (cii <1.0 mol
dm™3) exhibited poor ion conduction and electrode
reaction properties due to ion-pair formation caused by
weak solvation; however, the graphite electrode reaction
with high-rate performance was successfully achieved
when a small amount of EC additive was used. I
discussed the relationship between the solvation and
electrode reaction from structural and electrochemical
aspects.

5.2 Experimental

5.2.1 Materials

I prepared binary LiTFSA/TFEAc solutions and
ternary LiTFSA/TFEAc+EC solutions (mole fraction of
EC to TFEAc-EC mixture, xgc = 0.02, 0.1, and 0.5) with
varying cpi (0—1.0 mol dm™). The xgc = 0.02, 0.1, and
0.5 correspond to 1 wt%, 5 wt%, and 30 wt% EC in the
solutions.



5.2.2 Experimental

The binding energy AEuin¢ was calculated as the SCF
energy difference between the Li-TFEAc (1:1) complex
and its individual components (Li* and TFEAc)
according to AFEpind = Escr (complex) — Escr (Li+) — Escr
(TFEAc) and then corrected by the
superposition error using the counterpoise method,?!
which is described in detail in Appendix (Figure AS.1).

basis set

5.3 Results and Discussion

5.3.1 Electrochemical properties

As is well known, an ion—solvent interaction (i.c.,
solvation) plays a crucial role in designing the
of
electrolytes. The Gutmann donor number Dy of solvents,

electrochemical and ion-conducting properties
which corresponds to the electron-pair donating ability
to bind to a metal ion, is an effective measure to predict
ion—solvent interactions and solvation power. In
previous work, I proposed a simple Dy prediction
method using the binding energy AFying obtained from
DFT calculations for the Li*-solvent (1:1) complex. To
verity the electron-pair donating ability of a new solvent,
TFEAc, T first performed DFT calculations for the Li*-
TFEAc (1:1) complex, and the optimized complex
geometry and AFping value are displayed in Appendix,
Figure A5.1 1 can observe that the TFEAc molecule
binds to the Li ion via the O atom (O=CH; moiety),
resulting in AEpng = 161.1 kJ mol™. Using the linear
relation between Dy and AFpig, the Dy value of TFEAc
was estimated to be 9.1. This value is the lowest among
those of O-donor solvents, such as water, alcohols,
amides, and carbonates,? indicating that Li-ion solvation
with TFEAc has lower stabilization energy than that
using common organic solvents for energy storage
devices, such as LIBs.

Figure 5.1 displays typical CV results for the graphite
anode in the 1.0 mol dm™ LiTFSA/TFEAc solution.
Clear redox peaks were observed during the first cycle,
that is, reductive peaks due to Li-ion insertion into the
graphite electrode from 0.2 to 0 V (vs. Li/Li"), and

oxidative peaks due to Li-ion deinsertion from 0 to 0.4

:F@ =0
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Figure 5.1 Cyclic voltammograms for the graphite electrode in 1.0
mol dm™ (a) LiTFSA/TFEAc and (b) LiTFSA/TFEAc+EC solutions
(xzc =0.1).
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V. A detected at
approximately 0.5 V during the first cycle, which may
be ascribed to the decomposition of the TFEAc
component in the electrolyte. It should be noted that this

small reductive current was

0.5 V-peak became pronounced during subsequent
cycles. This is because no SEI formation occurred on the
graphite electrode, resulting in no suppression of
electrolyte decomposition. In popularly used carbonate-
based electrolytes using EC, a small reductive peak is
commonly observed due to EC decomposition in the first
charging process; however it completely disappears due
to the formation of stable EC-based passivation film (i.e.,
SEI), resulting in the suppression of further electrolyte
reversible Li-ion

decomposition and

insertion/deinsertion (major current at around 0 V), even
in subsequent cycles.!! 22

In the current TFEAc system, the major redox current
observed in the first cycle gradually decreased with the
cycle number, which is ascribable to the accumulated
TFEAc decomposition products (no SEI formation) on
the graphite electrode. To eliminate this problem, I
investigated the addition of EC as an SEI additive into
the TFEAc electrolyte (mole fraction of EC to TFEAc-
EC mixture, xgc = 0.1), and the results are presented in
Figure 5.1b. It is clear that addition of EC allowed for
an improved Li-ion insertion/deinsertion reaction.
Focusing on the SEI formation, a small reductive current
(0.7 V, first cycle) indicated the decomposition of the EC
component, leading to EC-based SEI, as is well
established, followed by a complete disappearance of'the
current during subsequent cycles. Therefore, a
significant and reversible insertion/deinsertion reaction
(major currents at around 0 V) occurred in the
LITFSA/TFEAC+EC solution. In detail, the observed
peaks in the range of 0—0.3 V split into several peaks,
which is typical for the sequential formation of several-
stage
compounds.

of intercalation

23-24

structures
10-11,

Li—graphite
The reactivity
insertion/deinsertion in the xgc = 0.1 solution remained

of Li-ion
unchanged when EC was further added up to xgc = 0.5
(Figure AS.2a). When reduced the EC content to xgc =
0.02 (i.e., 1 wt% EC solution; Figure A5.2b), the redox
current was slightly decreased, and a further reductive
decomposition was observed at approximately 1.0 V.
Based on the CV results, I conducted the charge-
discharge test for 1.0 mol dm™ LiTFSA/TFEAc+EC
solution with xgc = 0.1 to obtain further insight into the
electrochemical properties for LIBs.

Figure 5.2 presents the discharge rate performance of
the graphite/Li metal half-cell using 1.0 mol dm™
LiTFSA/TFEAc with and without the EC additive (xgc
= 0.1). The observed charge/discharge curves with
various C-rates are presented in Figure A5.3. At 0.1C
C-rate in this study), the

(lowest examined
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Figure 5.2 Discharge capacity of the graphite electrode in 1.0 mol
dm™ LiTFSA/TFEAc (red) and 1.0 mol dm™ LiTFSA/TFEAc+EC
(xec = 0.1, blue) at various C-rates, together with that in 1.0 mol dm™
LiPFs/EC+DMC (1:2 by volume, black). The 1 C rate corresponds to

~1.6 m cm™.

LiTFSA/TFEAc electrolyte (without EC) displayed a
discharge capacity of 325 mAh g7'. which is
considerably lower than the theoretical capacity of
graphite (372 mAh g™!), and gradually decreased with
the cycle number. This is due to no SEI formation on the
graphite and electrolyte
decomposition, which is consistent with the CV result in
binary LiTFSA/TFEAc system (Figure 5.1a). Hence,
with an increase in the C-rate, the capacity rapidly
decreased to be almost not higher than 0.2 C. I found that
the C-rate dependence of the capacity was markedly
improved when adding EC. Surprisingly, the rate
performance was superior to that of conventional
carbonate-based  electrolytes (1.0 mol  dm™
LiPFs/EC+DMC, 1:2 by volume), even though the ionic
conductivity is much lower in LiTFSA/TFEAc+EC
(3.61 mS cm™ at 298 K) than in LiPF¢/EC+DMC.* 2

The ionic conductivity and viscosity data are
summarized in Table AS.1. At a C-rate lower than 0.5 C,
all cells demonstrated a discharge capacity of ~372 mAh
¢! to exhibit almost no degradation even with an
increase in the discharge density. With a further increase
in the C-rate, the capacity slightly decreased; however,
the values were greater than those for the carbonate-
based electrolyte even at 2 C and 5 C. Figure AS.4a
presents the cycle performance of the discharge capacity
(up to 50 cycles) at the 0.1 C rate for the
LiTFSA/TFEACtEC electrolyte with xgc = 0.1. The
corresponding charge—discharge curves are presented in
Figure A5.4b. No or less capacity degradation occurred

electrode continuous

up to 50 cycles, and the coulombic efficiency remained
unchanged at approximately 99%, except for cycles 1 to
5 (~96%). In contrast, the cycle performance was very
poor in LiTFSA/TFEAc without EC; specifically,
significant capacity degradation was observed in the
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carly cycle stage (Figures AS5.4c¢ and d). I thus
concluded that adding EC (i.e., SEI additive) into a
TFEAc-based electrolyte is key to achieving practical
LIBs with high-rate performance.

5.3.2 Li-ion solvation structure

To characterize the solvation behavior of Li ions in a
weaker coordination solvent, TFEAc, I performed
spectroscopy and their
quantitative spectral analysis. Figure 5.3a presents the
Raman spectra in the range of 880-980 cm™ for
LiTFSA/TFEAc solutions with varying cp; (0—1.0 mol
dm™). A major peak at ~917 cm™! gradually decreased
in intensity as cr;i increased; conversely, a new peak

Raman measurements

appeared at ~937 cm™' and intensified as cy; increased.
According to DFT calculations (theoretical Raman
bands, Figure AS5.5), the former 917 cm™ peak was
assigned to the TFEAc molecules in the bulk (called free
TFEAc); specifically, the C—C—H bending vibration
coupled with the C-O-C asymmetric
vibration, whereas the latter 937 cm™! peak was assigned
to the TFEAc bound to the Li ion (called bound TFEAc).
I performed a least-squares curve-fitting analysis to

stretching

deconvolute the observed spectra into individual bands.
A typical fitting result for the c; = 0.75 mol dm™
solution is presented in Figure 5.3b. The Raman
spectrum could be successtully deconvoluted into five
components in this frequency range, which was applied
to the spectra for every cri. Consequently, [ extracted the
individual band for free TFEAc (centered at 916.9 cm™,
blue line in the figure) and that for bound TFEAc¢
(centered at 937.0 cm™, red line). According to the
current DFT calculations (Figure AS5.5), the 970 cm™'-
band (gray line) was assigned to the TFEAc (CH»
asymmetric vending mode); on the other hand, the 880
cm™'- and 898 cm™!-band (gray) are unknown at the
present stage. I confirmed no contribution of these three
bands on the analysis of solvation number, which is
described in detail in Appendix (Figure AS.6).

To estimate the average solvation number (#rreac) of
TFEAc molecules around a Li ion, I calculated the
integrated intensities of the free TFEAc band and plotted
them as a function of ¢i; (Figure 5.3¢) according to Eq.
(7) described in the Experimental section. The resulting
Icr versus cri/er plots fell on a straight line with slope
—nJr and intercept Jr to yield nrreac = 1.9 £ 0.1. This
indicated that Li ions were solvated with approximately
two TFEAc molecules. It should be noted that in
conventional aprotic solvents, a Li ion is four-
coordinated with solvent molecules to form a tetrahedral
[Li(solvent)s]* complex;?*?” however, this was not the
case in the current TFEAc system. I thus expected that
the Li ions would be coordinated with both TFEA¢ and
TFSA™ components, resulting in the formation of an ion-
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Figure 5.3 (a) Raman spectra in the range of 880-980 cm™ observed for LiITFSA/TFEAc with various cvi, (b) a typical curve fitting result for the ci

=0.75 mol dm™ solution, (¢) Ii/cy vs. cviler plots using the free TFEAc-band, (d) Raman spectra in the range of 720-770 cm™ for the same solutions,

(e) a typical curve fitting result (cLi = 0.75 mol dm™), (f) optimized geometry of [Li(TFEAc)(TFSA)] complex by DFT calculations.

pair complex, such as [Li(TFEAc)2(TFSA),]. To verity
the TFSA coordination, further analysis of the observed
Raman spectra was performed.

Figure 5.3d presents Raman spectra in the range of
720-770 cm™ LiTFSA/TFEAc solutions with
varying cri. A peak appeared at ~746 cm™

for
, which was
assigned to the CF3 bending vibration coupled with the
S-N-S stretching vibration of the TFSA,2*?° and
increased in intensity as cri increased. Using fitting
analysis in a similar manner as described above, peak
deconvolution of the observed spectra was performed to
extract sole peaks corresponding to free TFSA and
bound TFSA (see Figure 5.3e), resulting in the 740.6
cm™! band and 746.5 cm™" band, respectively. Using the
integrated intensities of these bands, I estimated the
concentration ratio of free and bound TFSA species in
the solutions; the procedure is described in detail in the
Supporting Information. As a result, cy/cr (the
concentration ratio of the bound TFSA to the total
TFSA) was determined to be approximately 0.8 for all
cri solutions examined (Table AS.2). These results
indicate that 80% of the total TFSA anions coordinated
with Li ions to form Li*---TFSA™ (1:1) ion pairs even in
dilute cr; solutions (< 1.0 mol dm™). Thus, I concluded
that in the LiTFSA/TFEAc solutions, Li ions mainly
existed as [Li(TFEAc).(TFSA)] complexes as the major
species (the optimized geometry obtained from DFT
calculations is presented in Figure 5.3f), which
coexisted with ion-pair-free species as the minor species
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(20%). Figure 5.3f demonstrates that the bound TFSA
acted as a bidentate ligand to coordinate with an Li ion
via two O atoms within a molecule. This feature is
consistent with that of TFSA-based ionic liquids and
organic solvents with lower solvation ability.* 23 3°
Figure 5.4a presents the Raman spectra observed for
LiTFSA/TFEAc+EC solutions (xgc = 0.1) with different
ci (0~1.0 mol dm™). In the range of 910-950 cm™,
similar ¢r; dependence to that of the binary
LiTFSA/TFEAc system was observed; that is, the free
TFEAc peak (at ~ 917 cm™) decreased in intensity with
increasing cri, and the bound TFEAc peak (at ~ 937
cm™") intensified with increasing cri. Furthermore, I
observed a significant ¢1; dependence of the EC-derived
peak in the range of 880-910 cm™.. The peak at ~ 892
cm™! corresponding to the C=0 bending vibration of EC
in the bulk (called free EC) considerably decreased in
intensity as cr; increased to yield a new intense peak at
~ 905 ¢cm™.3! This new band was assigned to the EC
bound to the Li ion (called bound EC) according to the
DFT calculations (see Figure A5.5). The peak variations
observed for the TFEAc and EC components indicated
that Li ions were solvated with both TFEAc and EC
molecules to form cosolvated Li-ion complexes.

To estimate the individual solvation numbers of
TFEAc (ntreac) and EC (npc) around a Li ion, peak
deconvolution was performed for the observed Raman
spectra, and a typical result (c; = 0.75 mol dm™) is
presented in Figure 5.4b. The Raman spectrum in the
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(d) Raman spectra in the range of 720-770 cm™ for the same solutions, (¢) a typical curve fitting result (cLi = 0.75 mol dm™), (f) optimized geometry

of the [Li(TFEAc)(EC)(TFSA)] complex by DFT calculations.

range of 880-980 cm™ was well reproduced using seven
contributions, including mainly 892.2 cm™ (free EC),
904.7 cm™ (bound EC), 917 cm™ (free TFEAC), and 937
cm™ (bound TFEAc). The Ifcr versus cui/er plot
(Figure 5.4¢) displays a linear relation for both TFEAc
and EC bands; thus, 1 successfully determined the
individual solvation numbers to be nrreac=1.4 £ 0.2 and
nec=0.6+0.1. With regard to the Raman band for TFSA
anions, I also performed peak deconvolution, and cp/ct
was determined in a similar way to that described above
(see Table AS.3). The resulting cp/cr value was
approximately 0.7, implying that the Li ions existed as
70% ion-pair and 30% ion-pair-free species. Based on
these results, I concluded that adding EC into
LiTFSA/TFEAc solution triggered a structural change in
the Li-ion complexes. That is, bound TFEAc was
replaced with EC to form [Li(TFEAc)(EC)(TFSA)] as
an average structure in LiTFSA/TFEAc+EC solution
(xgec = 0.1). In addition, [Li(TFEAc)(EC)(TFSA)]
coexisted with [Li(TFEAc)(TFSA)] in the solution,
resulting in an average solvation number of 1.4 for
TFEAc and 0.6 for EC. This result may be due to a larger
Dy value of EC (16.4) than that of TFEAc (9.1); thus,
EC molecules could successfully solvate Li ions even
with lower EC content (xgc = 0.1).

Based on the electrochemical and structural results, 1
discuss the relationship between the electrode reaction

and solvation of Li ions in the TFEAc-based solution.
The graphite electrode reaction was significantly
improved when EC was added into the LiTFSA/TFEAc
solution. In the structural aspect, Li ion structures were
largely changed by the added EC to yield EC-solvated
Li ions (i.e., [Li(TFEAC)(EC)(TFSA)]) as the major
species and ion-pair-free Li ions as the minor species.
During the first charging process, the EC-solvated Li-ion
may
electrode/electrolyte interface; thereafter, the solvated

complexes have been located at the
EC molecules were reductively decomposed to form an
EC-derived passivation film (i.e., SEI) on the graphite
electrode. Indeed, the LUMO energy of the solvated EC
molecule (i.e., Li'-EC complex) is appreciably stable
than that of the free EC according to DFT calculations
(Figure AS.8: optimized geometries of EC molecule and
Li*-EC complex), implying preferential reductive
decomposition of the solvated EC, rather than free EC,
on graphite electrode.

In addition, the TFEAc molecule had much weaker
electron-pair donating ability, leading to weaker
Li*--TFEAc interactions. This may have induced
favorable desolvation of the solvated Li-ion complexes
at the electrode/electrolyte interface during the charge
transfer process, which has been established as a key
process in the graphite electrode reaction,!”!® leading to

high-rate charging/discharging in the TFEActEC
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system. In contrast, without EC, Li ions mainly formed
the [Li(TFEAc)2(TFSA)] complex. The Li-ion complex
located at the electrode interface was also decomposed
during the charging process, and significant reductive
current was observed at 0.5 V in the CV profile for the
LiTFSA/TFEAc solution (Figure 5.1a). However, no
SEI formation occurred due to the absence of EC,
followed by only TFEAc-decomposed products
accumulating on the graphite electrode. This resulted in
the significant degradation of the electrode reaction with

repeating charge/discharge cycles.
5.4 Conclusions

In this study, I characterized a new fluorinated solvent,
TFEAc, by
electrochemical investigations. The
binding energy for the Li"-TFEAc (1:1) complex using
DFT calculations indicated that the TFEAc molecule had
much lower solvation power among organic solvents
corresponding to the Gutmann donor number Dy = 9.1.
In the LiTFSA/TFEAc electrolyte solution, a clear Li-
ion insertion reaction was observed for the graphite

as an electrolyte solvent for LIBs

and structural

negative electrode during the first charging process;
however, the reaction decreased quickly in subsequent
cycles. I found that adding a small amount of EC (xgc =
0.1) into the TFEAc electrolyte greatly improved the
graphite electrode reaction to exhibit
charge/discharge behavior with high-rate performance
that was superior to that of commercial carbonate
clectrolytes. Structural investigations using Raman

reversible

spectra and their quantitative analysis revealed that in
binary LiTFSA/TFEAc, Li ions formed a contact ion
pair, [Li(TFEAc),(TFSA)], as the major species even in
dilute solution (< 1.0 mol dm™). When EC was added,
the TFEAc molecules bound to the Li ions were partially
resulting in EC-

The bound EC
molecules played a key role in the graphite electrode

replaced with EC molecules,

coordinated ion-pair complexes.
reaction, namely, preferential reductive decomposition
of the bound EC near the electrode interface during the
first charging, followed by the formation of EC-derived

SEI passivation film on the graphite electrode.
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5.6 Appendix

Estimation of c/cy, ratio for TFSA anion.

The integrated intensities of the free and bound TFSA anions are given as /s = Jecr and Iy, = Jycy, respectively, where
Jr and J, are the Raman scattering coefticients and cr and ¢, are the concentrations of the free and bound TFSA anions
in the solution. The ratio of free TFSA to bound TFSA (ct/cy) is thus represented by the following equation: ci/cy, =
(I/I)(JeJy). Here, note that the Ji/J, value is approximately constant (~0.9) in various electrolytes containing LiTFSA
(i.e., ionic liquid, organic solvent, and polymer electrolytes) when TFSA anions act as a bidentate-type ligand in the
Li-ion complexes.* 2% 32 Using (1) Ji'J, = 0.9 and (2) 1y/J; value obtained from the observed Raman data, we calculated
the ci/cy value to estimate the concentration ratio of bound TFSA to total TFSA, cy/cr (listed in Table A5.2 and S5.3).

Table A5.1 Ionic conductivities (o) and viscosity (7) of 1.0 mol dm™ LiTFSA/TFEAc and LiTFSA/TFEAc+EC
solutions (xgc = 0.1) at 298 K.

Sample o /mS cm™ 77/ mPa-s
LiTFSA/TFEAc 2.47 2.09
LiTFSA/TFEAc+EC 3.61 2.42

Table A5.2 The integrated intensity (/) ratio of bound TFSA to free TFSA(/y/I;), and the concentration ratio of bound
TFSA to total TFSA (cv/cr) for LiTFSA/TFEAc solutions with various cr.

cLi / mol dm 3 L/ a/er
0 - -
0.25 5.04 0.82
0.50 4.77 0.81
0.75 4.64 0.81
1.0 4.89 0.81
1.4 5.79 0.84
Avg. 0.82

Table A5.3 The integrated intensity (/) ratio of bound TFSA to free TFSA(%//r). and the concentration ratio of bound
TFSA to total TFSA (cv/cr) for LITFSA/TFEAc+EC solutions (xec = 0.1) with various ct;.

cri / mol dm™ L/Is Ccy/CT
0 = =
0.25 1.51 0.58
0.50 2.51 0.69
0.75 3.22 0.74
1.0 3.48 0.76
1.5 3.39 0.64
Avg. 0.68
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Figure A5.1 (a) Binding energy AFyina values calculated for the Li*-solvent (1:1) complexes plotted against the
corresponding Gutmann’s donor number Dy values for acetonitrile (AN), ethylene carbonate (EC), dimethyl
carbonate (DMC), propylene carbonate (PC), tetrahydro- furan (THF), N, N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and hexamethylphosphoric triamide (HMPA).2

The AFbing value for the Li*-TFEAc (1:1) complex obtained from the following equation: AEying = Escr(complex)
— Escp(Li") — Esce(TFEAc), was 161.1 kJ mol ™. The value corresponds to Dy = 9.1 according to the linear
relation (i.e., AEying = -3.36-Dx -139.6) based on AEping vs Dy plots.* The Escr(TFEAc) and Escr(complex) values
were evaluated from their optimized geometries of (b) sole TFEAc molecule and (¢) Li*-TFEAc (1:1) complex.
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Figure A5.2 Cyclic voltammograms for the graphite electrode in 1.0 mol dm= LiTFSA/TFEAc+EC solutions (a) xgc
= 0.5 and (b) 0.02.
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Figure AS5.3 Charge and discharge curves for the graphite electrode in the (a, b) 1.0 mol dm> LiTFSA/TFEAc+EC
solution (xgc = 0.1), and (c, d) 1.0 mol dm LiTFSA/TFEAc solution (without EC) measured at various C-rates.
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Figure A5.4 Cycling performance (red, left axis) and coulomb efficiency (blue, right axis) of the (a) 1.0 mol dm-
LiTFSA/TFEAC+EC solution (xgc = 0.1) and (c) 1.0 mol dm LiTFSA/TFEAc solution. Charge—discharge curves
for the graphite electrode in the (b) 1.0 mol dm LiTFSA/TFEAc+EC solution (xgc = 0.1) and (d) 1.0 mol dm
LiTFSA/TFEACc solution (without EC) at a C/10 rate.
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Figure A5.5 Theoretical Raman bands obtained from the optimized geometries of (a) isolated TFEAc and (b)
[Li(TFEAC)2(TFSA)] complex by DFT calculations, together with the experimental Raman bands for 1.0 mol dm™
LiTFSA/TFEAc solution.
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Figure AS5.6 The c1; dependence of the integrated Raman intensites of 880, 898 and 970 cm™!-bands (gray circle,

triangle, and square, respectively) for the 1.0 mol dm™ LiTFSA/TFEAc solutions, together with the 916.9 cm™'-
band (blue circle) that is used in the determination of solvation number.
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In Figure 5.3b, 1 showed the three deconvoluted curves colored with gray at approximately 880, 898 and 970 cm™.

The 970 cm™'-band can be assigned to the TFEAc component [d,5(CH2)] according to theoretical Raman band by the
current DFT calculations as shown in Figure A5.5. The other two band at 880 and 898 ¢cm™ are unknown at the
present stage. There were no theoretical Raman band in this frequency range in Figure AS5.5. However, 1 have
confirmed no contribution of these two bands to the determination of solvation number. As can be seen in this Figure,
it is clear that there is no c1; dependence in the intensity to be a flat even with varying cri. This means that the three
bands (gray lines) are no contribution to the solvation number analysis.

| obs.

bound EC

free TFEAC

bound TFEAc

Intensity (a.u.)

880 900 920 940 960 980

Raman Activity (a.u.)
=
b
a

(c) [Li(TFEAC)(EC)(TFSA)]

1 1 L 1 L I |
380 900 920 940 960 980

-1
Wavenumber / cm

Figure AS.7 Theoretical Raman bands obtained from the optimized geometries of (a) isolated TFEAc, (b) isolated
EC, and (c) [Li(TFEAC)(EC)(TFSA)] complex by DFT calculations, together with the experimental Raman bands
for 1.0 mol dm LiTFSA/TFEAc+EC solution (xgc = 0.1).

(a) (b)

v
-
EC Li*-EC complex
(Erumo=-031¢V) (ELymo=-5.02¢V)

Figure A5.8 The optimized geometries of (a) isolated EC and (b) Li*-EC complex and their LUMO energies obtained
from DFT calculations.
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Chapter 6

Effect of a Weak Coordination Solvent on a Kinetically Favorable

Electrode Reaction in Concentrated Lithium-Ion Battery Electrolytes

6.1 Introduction

In Chapter 5, I proposed a significantly high-rate
performance LIB electrolyte using a fluorinated acetate
solvent (2,2,2-trifluoroethyl acetate, termed TFEAc).
According to the DFT calculations in our previous work,
TFEAc has much weaker coordination power to metal
ions, corresponding to Dy = 9.1.! The TFEAc-based
electrolyte solution containing 1.0 mol dm™ of LiTFSA
salt  [TFSA:  bis(trifluoromethanesulfonyl)amide]
exhibited excellent charge—discharge behaviors and
improved rate performance compared to conventional
carbonate-based electrolytes.! Doi et al. used TFEAc as
a solvent for a highly concentrated electrolyte for
positive electrode, such as LiNigsCoo Mng0;, to
successtully conduct a charge—discharge reaction with a
high discharge capacity of approximately 200 mAh g™.2
However, unlike dilute electrolytes, the electrode
reaction mechanism in highly concentrated electrolytes
based on weak coordination solvent, tfluorinated acetate,
has not been reported. Even in conventional negative
electrode materials for LIBs, information on basic
charge—discharge characteristics is unavailable.

The
established in a dilute electrolyte system (e.g., 1.0 mol

electrode reaction mechanism has been
dm™ Li salt in solvent mixtures of carbonates). Kinetic
studies on an intercalation-type electrode, such as a
graphite negative electrode, have been actively reported
the Li-ion

intercalation process. Abe et al. reported the activation

to provide molecular insights into
energy (E,) on the Li*-insertion reaction for the graphite
electrode in dilute carbonate-based electrolyte to be 53 —
59 kI mol™!, which was mainly attributed to the
desolvation process for solvated Li ions, usually 4-
[Li(solvent)4]* the
electrode/electrolyte interface.’ Further systematic

coordinated complex,

3-5

ncar

investigation on electrode reaction kinetics reveals the
following results:® (1) The E, value strongly depends on
the solvation power of the solvent molecule (Gutmann’s
donor number, Dy); that is, stronger Li-ion solvation
leads to larger E, value, resulting in kinetically
unfavorable Li-ion intercalation. (2) In such an
intercalation-type reaction, the charge transfer process is
almost independent of negative electrode materials and
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passivation SEI films; that is, only Li-ion desolvation is
predominant in reflecting the E, value. Therefore,
controlling ion-solvent interactions to achieve “much
weaker Li-ion coordination” may be a key to developing
practical LIBs with high-rate performance.

In this study, I extend my study on a dilute TFEAc-
based electrolyte to a “highly concentrated electrolyte,”
focusing on the role of a weaker coordination solvent on
electrode reaction (Li-ion intercalation) kinetics in
First, the electrochemical
properties and charge—discharge performance of the

concentrated conditions.

graphite anode are investigated in concentrated
LiFSA/TFEAc electrolytes. I determineed the E, value
during the charge transfer process in a Li-ion
intercalation reaction to propose a kinetically favorable
reaction in this TFEAc-based system. The electrode
reaction mechanism at the molecular level based on
specific Li-ion structures and its easier decoordination

characteristics are also discussed.
6.2 Experimental

6.2.1 Materials

The corresponding molarities (Li salt concentration,
cri) of Sample were then calculated using the solution
density (g cm™) to prepare LiFSA/TFEAc solutions at
cri = 1.0, 1.9, 2.4, and 3.2 mol dm™, corresponding to
the molar ratios of Li salt/solvent, 1/7.6, 1/4, 1/3, and 1/2,
respectively. Karl Fischer titration was used to
determine that the sample solution’s water content was
less than 50 ppm. I demonstrated “nonflammability” of
the highest 1 = 3.2 mol dm™ solution using a flam test
(Figure A6.1 in Appendix), proving that it can serve as
a safer electrolyte for LIBs. The composition (i.e.,
number of LiFSA salt and TFEAc molecule) in MD
simulation box and the box length at equilibrium
condition are listed in Table A6.1. Flame tests were
conducted by using a glass filter soaked with each

electrolyte close to gas burner flame in a draft chamber.
6.3 Results and discussion

6.3.1 Electrochemical properties



Figure 6.1 shows the ionic conductivity (o) and
viscosity (n) for the concentrated LiFSA/TFEAc
electrolytes at various Li salt concentrations (cLi= 1.9 ~
3.2 mol dm™) at 298 K. The viscosity value gradually
increased with increasing cij, resulting in decreased
ionic conductivity. Note that the LiFSA/TFEAc
electrolyte is less viscous even at the extremely highest
cLi (= 3.2 mol dm™, corresponding to Li salt/ TFEAc =
1/2, by mol.) than the concentrated electrolytes using
conventional organic solvents, such as acetonitrile (AN,
LiFSA/AN = 1/1.9, 138 mPa s),° dimethyl carbonate
(DMC, LiFSA/DMC 1/1.1, 238.9 mPa s),” and
triglyme (G3, LiFSA/G3 = 1/1, 139 mPa s).® Therefore,
1 propose that TFEAc is a specitic organic solvent that,
when combined with LiFSA salt, produces a low viscous
Figure 6.1b
electrochemical window obtained from LSV using a Pt
electrode in the 3.2 mol dm™ LiFSA/TFEAc electrolyte
to evaluate its electrochemical stability. The reductive

concentrated electrolyte. shows the

and oxidative currents were observed at 0.2 and 5.4 V
(vs. Li/Li"), respectively, resulting in a nearly 5.0 V
electrochemical window that allowed for the practical
use of LIBs. Figure 6.2 shows the typical CVs for the
graphite anode in the cp; = 1.9, 2.4, and 3.2 mol dm™
solutions. I observed clear redox currents at around 0 V
(vs. Li/Li") in the 1.9 mol dm™ solution (Figure 6.2a),
that is, reductive peaks due to Li*-insertion into the
graphite anode from 0.2 to 0 V and oxidative peaks due
to Li-ion deinsertion from 0 to 0.4 V. The observed
peaks split into several peaks, which is typical for the
sequential formation of stage structures of Li—graphite
intercalation compounds.®'® A reductive current was
found at ~0.5 V, which remained unchanged at
subsequent cycles. This is because the reductive

decomposition of the TFEAc component in the
8 35
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electrolyte occurred, as observed in our previous study,'
and thus did not result from SEI formation on the
graphite electrode during a cathodic scan. When c1; was
increased up to 3.2 mol dm™ (Figures 6.2b and c), |
found two features: (1) the redox peaks at ~ 0 V (i.e.,
Li*-insertion/deinsertion  reaction) were gradually
weakened and (2) reductive decomposition at ~0.5 V
was observed only at the first cycle and decreased at
subsequent  cycles; particularly, it completely
disappeared for cr; = 3.2 mol dm™ solution. This
behavior is typical of anion-derived SEI formation on
graphite electrodes in concentrated LIB electrolytes
containing TFSA or FSA anion and is attributed to the
LUMO energy stabilization of such imide-type anions
trapped in a specific ionic ordering structure based on
multinuclear ion-pair complexes.'!"'> ¢ Furthermore, I
evidently observed the reductive decomposition of the
FSA component beginning at ~2.0 V using the in situ
SEIRAS spectra (1399 cm™., Figure A6.3), which is
discussed extensively in the Supporting Information. I
thus concluded that in concentrated LiFSA/TFEAc
systems, (1) increasing cr; enhances structural ordering,
such as multiple Li*---FSA™--Li* ion-pairs (discussed in
detail in later section), resulting in the formation of FSA-
derived SEI on the graphite negative electrode; (2) the
SEI formation is seriously overlapped with TFEAc
decomposition at ~0.5 V, yielding a broad reductive
current during the first cycle, followed by no current at
this voltage after the subsequent cycles. Figure 6.3
shows the discharge rate performance of the graphite/Li
metal half-cell using the 3.2 mol dm™ LiFSA/TFEAc
solution, together with that for the analogous system,
that is, concentrated LiTFSA/TFEAc solution with
maximum cg; (= 3.0 mol dm™3; molar ratio of Li salt to
TFEAc, 1/1.7). The discharge capacity was ~372 mAh

(b)
‘T'E sk
.%’0_
o
g
5 |-
O
Lo

4
Potential / V vs. Li/Li+

5

Figure 6.1 (a) Ionic conductivity (blue, left axis) and viscosity (red, right axis) for the concentrated LiFSA/TFEAc with varying cvi (298 K). (b)
Electrochemical window obtained using a Pt electrode in the 3.2 mol dm LiFSA/TFEAc [scan rate: 5.0 (black) and 0.2 mV s7! (red), 298 K].
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g !at 0.1 C (lowest C-rate examined herein), which is
comparable to the theoretical capacity of fully lithiated
LiCs (~372mAh g™).'% ' 1 found that the capacity
degradation in the LiIFSA/TFEAc system was slight even
with increasing C-rate up to 1 C to maintain the capacity
of ~355 mAh g™!, which significantly differed from that
of the LiTFSA/TFEAc system with almost no capacity
at 0.5 C. A significant degradation occurred at a higher
C-rate (2 C and 5 C). Figure A6.4 shows the cycling
performance of the discharge capacity up to 50 cycles at
the 0.1 C-rate for 3.2 mol dm™ LiFSA/TFEAc solution.

The capacity remained ~372 mAh g™ up to 10 cycles,
but then gradually decreased to ~307 mAh g™! up to 50
cycles. The coulomb efticiency was close to 100% over
all cycles examined, except for the first cycle. It is thus
plausible that in Figure 6.3. the observed capacity at
high C-rate after multiple cycles (e.g., 97.2 mAh g at 5
C in the 16 ~18 cycles) includes a few cycling
degradations; indeed, the 5 C-capacity observed in
earlier cycles was 142 mAh g™', as shown in Figure
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Figure 6.3 Discharge capacity of the graphite electrode in 3.2 mol
dm™ LiFSA/TFEAc (red) at various C-rates, together with that in 3.0
mol dm= LiTFSA/TFEAc (black). The 1 C rate corresponds to 1.256
mA.
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A6.5. To gain more insights into the electrode reaction
mechanism, I estimated the activation energy of a Li"-
insertion reaction using the temperature dependence of
AC impedance spectra.

6.3.2 Activation energy in the Li-ion insertion

Figure A6.6 shows the AC impedance spectra (as a
form of Nyquist plot) with various potential E at 298 K
for the graphite electrode in 3.2 mol dm™ LiFSA/TFEAc
solution. A larger semicircle (in the lower frequency
region around approximately 4 Hz) appeared at ~0.4 V,+
% corresponding to the onset-£ of Li*-insertion reaction,
and decreased in diameter as £ decreased. This result
suggests that this semicircle originates from the
resistance in the charge transter process (R«), that is, Li-
ion transfer resistance at the -electrode/electrolyte
interface, the obtained
conventional carbonate-based electrolytes.> Using the
temperature dependence of the R values (Figure A6.7)
at a potential of 0.1 V, I determined the activation energy

corroborating results in

E, for the Li'-insertion reaction according to the
Arrhenius equation, that is. 1/Ry oc Aexp(—EJ/RT),*
where 7, A, and R denote the absolute temperature,
frequency factor, and gas constant, respectively. The
results are shown in Figure 6.4. The plots show an ideal
straight line for calculating the E, value from the slope,
which was 19.9 + 0.6 k] mol™'. Notably, in conventional
carbonate electrolytes, such as LiCIO4/EC+DMC (1:1,
by vol.) with approximately 1.0 mol dm™ of Li salt, the
characteristic E, for the Li*-insertion reaction is 53 — 59
k] mol™'> The E, value originates from the
decoordination of EC from the Li-ion solvation
complexes at the electrode/electrolyte interface, which
controls a charge transfer process in the graphite
electrode reaction (Li*-insertion reaction). Therefore,
the resulting £, value (= 19.9 kJ mol™) is specifically
than that in the
electrolytes. Here, 1 propose that the Li ions are co-
coordinated with both TFEAc and FSA, which are
categorized into much weaker coordination species, in

lower conventional carbonate
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Figure 6.4 Temperature dependence of the R values for the graphite
electrode at a potential of 0.1 V in the 3.2 mol dm™ LiFSA/TFEAc.

the concentrated LiFSA/TFEAc, resulting in superior
decoordination in activation energy on the electrode
reaction. To quantitatively determine the Li-ion
coordination in the current LiFSA/TFEAc system, I
combined HEXTS experiments and all-atom MD
simulations to visualize the ordered Li-ion complex
structures that are competitively surrounded by TFEAc
and FSA.

6.3.3 Ordered Li-ion complex structures

Figure 6.5 shows the X-ray structure tactor S(g) and the
corresponding radial distribution function G(r) obtained
from the HEXTS experiments and MD simulations for
the concentrated LiFSA/TFEAc solution (cr; = 3.2 mol
dm™). The S(¢) and G(r) obtained for the dilute solution
(cui = 1.0 mol dm™) are shown in Figure A6.8. In both
the concentrated and dilute solutions, the MD-derived
SMP(g) successfully reproduced the experimental STP(q)
in the whole g range examined (Figures 6.5a and A6.8a,
respectively). A similar effect was found in the G(r)

(a) 25

S(q)

05 | | |
0 5 10 15 20

q/A_1

profiles as a form of #?[G(r) — 1] for both solutions
(Figures 6.5b and S6.8b, respectively). These results
imply that the force field parameters used in the current
MD simulations were valid for reproducing actual
solution structures. To discuss the local coordination
structure around a Li-ion, [ evaluated the atom—atom pair
correlation functions, gMPyi_x(r), particularly focusing
on the nearest neighbor correlations, that is, Li™—Oygeac
and Li—Og, correlations for the Li*-TFEAc and
Li*—=FSA interactions, respectively. The resulting
S otteac(r) and gMPri_oga(r) are shown in Figure 6.6,
together with the average coordination number Nii-ox()
calculated by integrating the corresponding gMPri_ox up
to a given r. In the concentrated LiFSA/TFEAc solution
(Figure 6.6a), a major peak appeared at approximately
1.9 A for both gMDLj_otfeac(l‘) and gMD Li_Ofsa(/"), which
corresponded to the closest Li'=TFEAc and Li"—FSA
interactions in the primary coordination shell. The
Nui-ox(r) values for the Li*—Oeae and Li'—Og,
interactions (plateau in the Mi-ox(r) at r = 2.4~3.0 A)
were ~2.0 and ~2.2, respectively, indicating that Li ions
are stabilized via O-coordination provided by two of
TFEAc and one or two of FSA for a total coordination
number of approximately 4, even in highly concentrated
conditions. In the gMP1;_p(r) functions, F atoms were not
found in either TFEAc or FSA (Figure A6.9).
Meanwhile, the Li-ion coordination prefers TFEAc
[Mricotteac(r) ~ 3.1] to FSA [Mi—osa(r) ~ 0.9] in dilute
solution (Figure 6.6b) to form a tetrahedral-type Li-ion
complex with three Oyesc and one Ogsa, Which is similar
to the coordination structure in dilute TFEAc-based
solution containing LiTFSA.! Figure 6.6¢ shows the
gMDLi_Li(V) LiJr—LiJr

correlation, in the concentrated LiFSA/TFEAc¢ solution.

function,  corresponding  to
Clear multiple peaks were found in the long-r range up
t020 A (at 6.1, 8.2, 11, 13.1, and 15.7 A), suggesting the
formation of ordered Li-ion structures linked via FSA
anions (sec Figure 6.6e; snapshot confirmed in the

(b)

HEXTS
— MD

PG ~ 1]

0 S 10 15 20 25
rlA

Figure 6.5 (a) X-ray structure factor S(g) and (b) X-ray radial distribution function in the /*[G(r) — 1] form obtained from HEXTS experiments (open
circles) and MD simulations (solid lines) for the 3.2 mol dm™ LiFSA/TFEAc.
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Figure 6.6 (a, b) Atom—atom pair correlation functions [g¥PLi.ox(r): left axis, solid lines] for O atoms of TFEAc (black) and FSA (blue) around Li

ions for the 3.2 and 1.0 mol dm™ LiFSA/TFEAc, together with their integrated profiles (coordination number N(r): right axis, dashed lines). (c, d)

Atom—atom pair correlation functions between Li ions [g¥PLiLi(r)] for the 3.2 and 1.0 mol dm™ LiFSA/TFEAc. (¢, ) Typical snapshots confirmed in
the MD simulation box for the 3.2 and 1.0 mol dm™ LiFSA/TFEAc; pink: Li*, black: TFEAc, and blue: FSA.

simulation box). There was no such a periodic peak in
the dilute solution; that is, only a broad peak appeared at
~11 A (Figure 6.6d). This is because the Li ions form a
mononuclear ion-pair complex [Li(TFEAc)3;(FSA)]
(Figure 6.6f) to provide a broad correlation between
mononuclear Li-ion complexes. The ordered Li ions are
accompanied by TFEAc molecules to produce intricate
[Li(FSA)(TFEAc):] complexes in the concentrated
solution, resulting in no free solvent (TFEAc) and
counteranion (FSA) in the bulk.

6.3.4 Electrode reaction mechanism

As mentioned above, I proposed that the concentrated
LiFSA/TFEAc solution exhibits much lower activation
energy (E,=19.9 kI mol™) for the Li*-insertion reaction
into the graphite electrode compared to those in dilute
carbonate-based LIB electrolyte solutions. In the
structural aspect, all TFEAc molecules and FSA anions
coordinate to the Li ions to form jon-ordered complex
structures in the bulk solution. To understand the
molecular origin of the activation energy, that is, to
identify which decoordination process of the TFEAc or
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FSA species trapped in the ordered Li-ion complexes
mainly contributes to the experimental E, value, |
performed F,-determination in the FSA-based ionic
liquid (IL) containing high LiFSA salt concentration as
amodel system. That is, I assumed herein that the Li ions
are coordinated with only the FSA component in the IL
solution' containing an anion (coordination species,
FSA) and two cations (IL cation and Li*); therefore, the
decoordination during the charge transter process should
originate from the coordinated FSA to fully reflect the
experimental E, value. Figure A6.10 shows the
log(1/R¢) vs. 1/T plots obtained for the concentrated IL
solution, that is, 3.4 mol dm™ LiFSA in l-ethyl-3-
methlyimidazolium  FSA  ([ComIm][FSA]). The
resulting £, value was 34.9 kI mol™, which is
approximately two-fold larger than that in the
concentrated LiFSA/TFEAc¢ solution (19.9 kI mol™).
This result strongly suggests that TFEAc decoordination
from the Li-ion complexes is a major contribution to the
specific £, in the TFEAc system.

Based on these findings, I came to the following
conclusions about the electrode reaction mechanism in
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Figure 6.7 Possible electrode reaction mechanism for the graphite electrode in the concentrated LIFSA/TFEAc system: Li-ion structures (a) in the

bulk electrolyte, (b) intermediate process during cathodic scanning, and (c) decoordination process at the charge transfer reaction.

the concentrated TFEAc-based solution: (1) In the bulk
electrolyte, the Li ions are coordinated with both TFEAc
and FSA species to exist as the ion-ordered complexes
(Figure 6.7a). (2) The electrostatic repulsion between
the negatively charged electrode and FSA anions within
the ordered complexes may cause gradual rupturing the
ordered structures near the electrode interface with
cathodic scanning (Figure 6.7b). (3) At the activation
state, the residual TFEAc interacted with the Li-ion are
decoordinated to control the charge transter process in
the graphite electrode reaction (Figure 6.7c). The
TFEAc molecule possesses a much weaker electron-pair
donating ability (lower Dy value), that is, much weaker
Li*~TFEAc interactions, resulting kinetically
favorable decoordination and thus a lower £, value in the
concentrated LiFSA/TFEAc electrolyte.

in

6.4 Conclusions

Herein, 1 propose a kinetically favorable electrode
reaction in a concentrated LIB electrolyte using a
TFEAc solvent that has much weaker solvation power

and LiFSA salt. The concentrated LiFSA/TFEAc
electrolyte exhibited an excellent Li*-
insertion/deinsertion reaction (charge—discharge

reaction) for a graphite negative electrode with
significantly lower activation energy (E, = 19.9 kJ
mol-!) compared with the dilute carbonate-based
electrolytes for commercialized LIBs. The structural
investigation based on a combined HEXTS and MD
simulation revealed that in highly concentrated
conditions, (1) all TFEAc molecules and FSA anions
coordinate with the Li ions, that is, no free solvent and
dissociated anions in the bulk solution, and hence (2) Li
ions form structurally ordered Li-ion complexes co-
coordinated with both TFEAc and FSA species. I found
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that the weakly coordinated TFEAc trapped within the
ordered Li-ion complexes predominates the electrode
that s, Li"-TFEAc
interaction leads to easier TFEAc decoordination from

reaction Kkinetics; a weaker
the ordered Li ions during the charge transfer process,
resulting in a lower £, value in the concentrated TFEAc-
based electrolyte.
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6.6 Appendix

Table A6.1 Compositions (number of ion-pair, LiIFSA and TFEAc molecule), box length of the systems for MD
simulations, and density () with c; = 1.0 and 3.2 mol dm~ LiFSA/TFEAc.

Box length d/gem
ci / mol dm™ Li-FSA TFEAc
/A MD? Exp.b
1.0 170 1292 64.3 1.384 1.361
3.2 530 1060 63.8 1.542 1.530

2 Value obtained from the present MD simulations. ® Experimental values.

>l

Figure A6.1 Flame test of the concentrated 3.2 mol dm™ LiFSA/TFEAc solution.
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Figure A6.2 The partial charge values of (a) Li-FSA and (b) TFEAc!'®!'7 used in the MD simulations.

With regard to Li* and FSA~, I used the modified partial charges by weighting a factor (f) to their original values,'® in
the current MD simulations. In our previous study (LiTFSA/fluorinated solvent system), I reported the optimum f
values to be 0.6 (i.e., 60% of the original g™ and ¢~ for Li-TFSA ion-pair), resulting in a successful agreement of
experimental and simulation-derived radial distribution functions, G*(r) and GMP(r), respectively. I thus adopted the
f= 0.6 in this LiFSA/TFEAc system (Figure A6.2a); then, the GMP(r) using 0.6¢" and 0.6 in coulombic term
successfully reproduced the corresponding experimental G*P(r), as shown by solid line in the Figure 6.5.
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Figure A6.3 (a) Typical in situ surface-enhanced infrared absorption spectroscopy (SEIRAS) obtained during LSV in
a potential £ range of 3.0 — 0 V in the 3.2 mol dm™ LiFSA/TFEAc (scan rate: 0.2 mV s™!) and (b) the corresponding
LSV profile. (¢) ATR-IR spectra in (upper) the LiFSA/TFEAc and (bottom) 1-ethly-3-methylimidazolium FSA
SEIRAS spectra shown herein correspond to the difference spectra obtained by subtracting the
reference spectrum at 3.0 V (vs. Li/Li") from that measured at a given potential (E). In Figure A6.3a, the peaks
appeared at 1399 and 1740 cm™ when £ was decreased to ~2.0 V, and increased in intensity with decreasing £ down
to 0 V. These peaks can be assigned to the reductively decomposed FSA in the vicinity of the electrode; indeed, the
ATR-IR spectra for the 3.2 mol dm™ LiFSA/TFEAc and neat [C;mIm][FSA] showed a significant IR peak at 1378 and
1752 cm™' (Figure A6.3¢), assigned to FSA anions'2. T thus concluded that the FSA anions were preferentially
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decomposed at the electrode/electrolyte interface, leading to the formation of a stable FSA-derived SEI.
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Figure A6.4 (a) Charge—discharge curves for the graphite electrode in the 3.2 mol dm™ LiFSA/TFEAc at a 0.1 C rate.
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(b) Cycling performance (red, left axis) and coulombic efficiency (blue, right axis) of the same solution.
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Figure A6.5 Discharge capacity of the graphite electrode in 3.2 mol dm™ LiFSA/TFEAc at the C-rates of 0.1 C and 5
C.
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Figure A6.6 Nyquist plots observed for the graphite electrode in the 3.2 mol dm =3 LiFSA/TFEAc with various potential
E at 298 K. The arrows indicate the frequency of 4 Hz.
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Figure A6.7 Nyquist plots observed for the graphite electrode in the 3.2 mol dm™ LiFSA/TFEAc with various

temperatures (278, 288, 298, 308, 318, 328, and 338 K) at a fixed potential of 0.1 V.
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Figure A6.8 (a) X-ray structure factor S(g) and (b) X-ray radial distribution function in the 72[G(r) — 1] form obtained
from HEXTS experiments (open circles) and MD simulations (solid lines) for 1.0 mol dm™ LiFSA/TFEAc.
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Figure A6.9 Atom-atom pair correlation functions [¢MP;.¢()] for the F atoms of TFEAc (black) and FSA (blue) around
a Li ion for 3.2 mol dm™ LiFSA/TFEAc.
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Figure A6.10 Temperature dependence of the R, values for the graphite electrode at a potential of 0.1 V in concentrated
3.4 mol dm~3 LiFSA/[ComIm][FSA].
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Chapter 7

Conclusion

Novel nonflammable Li-ion battery (LIB) electrolytes
using fluorinated organic solvents were established and
characterized from the structural and electrochemical
viewpoints. Among fluorinated organic solvents,
tris(2,2,2-trifluoroethyl)phosphate (TFEP, Chapter 3 and
4) and 2,2,2-trifluoroethyl acetate (TFEAc, Chapter 5
and 6) were used as a main solvent to prepare the LIB
electrolytes with wide cri-range from dilute up to highly

concentrated condition. Particularly, I established

“electrolyte  science” based on the structural
investigation at the molecular level from both
experimental and theoretical approaches and

demonstrated that the structural knowledge is helpful to
understand the electrode reaction and LIB performance.
Major findings throughout this study are as follows: (1)
the structure of Li ions strongly depends on crj.
Particularly, in highly concentrated electrolytes, Li ions
form multinuclear complexes with the long-range
ordered structures linked via counter-anions, which is
largely different from the mononuclear Li-ion complex
in dilute electrolytes. The ordered Li ion structures
directly affect the electrode reaction (in this work, Li
insertion/deinsertion for graphite electrode, as a model
system) to enhance the oxidative/reductive stability and
reaction kinetics. (2) Solvent bulkiness (i.e., size of
solvent molecule) plays a crucial role on “structuredness™
of Li-ion complexes in highly concentrated electrolytes.
The bulky solvent, e.g., TFEP, results in less ordered Li-
ion complexes (4-coordinated mononuclear Li ions)
even in highly concentrated conidiation owing to the
steric hinderance among TFEP molecules in the
coordination sphere of Li ion. Contrary, using smaller
solvent in size leads to a successful ionic ordered
structure formation; indeed, Li ions in the concentrated
TFEP electrolyte easily form the ordered structure when
adding small molecule into the TFEP electrolyte. (3) the
electron-pair donating ability (i.e., Dy value) of solvent
molecule, which is a good indicator of solvation power
to metal ion, controls the electrode reaction kinetics. The
solvent molecule with lower Dy value (in this work,
TFEAc) yields the weaker interactions between Li ions
and solvent molecules, which induces the easier
decoordination of Li-ion complexes at the charge-
transfer process to reduce the activation energy in the
electrode reaction.
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Figure 7.1 Mapping of solvent species in terms of both Dy value

and molecular size of solvent molecules.

Based on these results, I can propose a simple concept
in highly
concentrated system from the viewpoint of solution
chemistry. Figure 7.1 shows species mapping
categorized using two features of electrolyte solvent. In

to design an electrolyte component

this mapping, solvents placed on the bottom left (that s,
smaller molecular size and lower Dy value) may be
suitable to use as a main solvent for highly concentrated
LIB electrolytes to provide the specific ordered Li-ion
complexes and the kinetically favorable electrode
reaction kinetics. On the other hand, those on the top
right is hard to observe LIB electrode reaction.
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